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An increasing number of space p r c S e s  will  c : i r r y  high::.- 5e:ailive 
magnetometers  to measure  the magnetic i i e ids  t:i ;?lanets and  ::ite:?ianetarv 
space.  To permit  high magne:=rrs:zr  z?ssi::-.-::-.-, :>-: <LA*aZ: r,i,~st >e 

spacecraf t  * w i l l  require  nonmagcetic c lzct ro1: ic  ~:cjzpszez:s oi a 2  t..-?ee. 
However ,  an understanding of magnetic pnenomena is neceasar)-  to properly 
uzders tand  ?he requirements f o r  t h e s e  .:,?rn~cne:t~. 

. .  . 

relativzly nonmagnetic, o r  rnagzet:ca!l:; ( f  ,:lei;. " >lag?et ic  clez!ilir;ea s ,:f 

Eventually, p re fe r r ed  p a r t s  lists ai nor!magnetic components wi i l  be  
compiled 5 0  that circuit  des igners  czi: lise L~:c.T- wk.3:; dc-:.-io~iz, niirdware 
for spacecraf t .  

~I 

An attempt has  been made to c l ea r  up ambiguities in  definitions and 
r -  units and explain the origin of some oi t h e  Ana.giietic 2::ccis :hc d e s i p e r  

must consider.  It is hoped that this handbook wiil  oid those working in the 
area of nonmagnetic components and circui ts  to bet ter  understand the 
problems and terminology involved. 

9 

. .  - . 





. -  

- Q  
by B , is called the flux density of the rnagce t i c  i~e1.j .  Fiz'ire i - 1 ck3ws si ich 
a f ield around a bar  magnet. 

Experiments have shown that x a g r e r i c  :I*LY ::::e= Are c i j s e c .  cczt:nig-.,s 

lines; t>;at is, they do not  begin azd errc 3 2  r=.ag;.?e::c ' c h r g e s .  ' T L s  explaizs 
why i t  i s  impossible to isolate magnet:c pc;!es. 

Whex studying magnetic effects in materials,  it 1s Recessary to  GiStiCgulSh 
between magnetic flux den5ity and magnetic r;eid. The fiw dens i ty  
the total magnetic effect. The magnetic field, denoted by % could more  
properly be called the magnetizing field. In free space these two quantities . 
descr ibe  the same effect  and d i f fe r  only by a constant J 0' the pe.meabi l i ty  of - . 
f r e e  space, ** which depends upon the un i t s  svs tem being used. So, for free:.' 
space, the following equation holds: 

r e i e r s  to 

- - 
= 

wiil  be seen la te r .  

C. MSGNETIC EFFECTS IN h?-L?TERI-4LS 

Let us now take a close look at a piece of mater ia l .  The mater ia l  is 
composed oi a large number of atoms; e x h  atom- is composed of a nucleus 
with orbiting electrons.  Since electrons have charge and since magnetic 
effects arise from a moving charge, electrons should set up a smalf mag 
field due to their orbital 

6 - I  tion of char 





y i e i b s  

- _ _ .  - .-we 
- 1  l n e  qi:;rntity 
The quantity, F ~ (  1 + k~ m) is defined as the pernieati l i ty oi  the mate rid. p. Fcr a 

( I  + kXm) is called the relative permeability or the mdterral ,Km. :-;*:- 

._ r L  -+, 

*.. - ... L 

-- 

. -  :I I * 
- I - i- . - .  . . - -  I r i ,  L J  .- 

._ 
In o t h e r  words,  ii a material of known permt*Abii::y i s  placea  in a n:as,net;r 
lieid of !:!iG..vn st rength and  direction, t:?? i i u x  der,siry at any point i n  the 
matzr idl  r i d y  he determined. When fi i s  reduced to zero, the atornlc dipoles 
r e t l i rn  lo the i r  a rb i t r a ry  alignment ani! the t i u  densicy d:sappears. 

In ferrorr,agnetic mater ia l s ,  the situation is not so easi 
p is not constant. Rather. p is a many-valued function depen 
history of the material. In ferrcxnagnetic materials, -the atoms 
talfed-domains. Ins; ni nio& df the * a t o m i ~ ~ i ~ f i ~ t ~ ~ ~ ~  
parallel to one anothE 
tend to  r eDr ien t  themselves paratlef to the  fieid.. The>* do thi 
the-iluudenaity rhraugh the materid increaaae, in ctasfrete. s&epG,. rhas zs- ,T 

'magnetic $ield.ia a$pl.i&, %he 



, _  . . .  
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due to the domain orientation. Tkis f l u x  densitv 1s ca l l ed  the residual f l u x  
density o r  residual induction (Br) .  If the applied fieid IS suificiently s t rang  
to sa tura te  the mater ia l ,  the value of residual flux density remaining when 
the field 
res idual  

(See also Section 11, Glossary.  ) 

To i l lustrate  the magnitude of ferromagnetic e f i ecx ,  ;nnagine a region - 
of space with an applied magnetic field intensity H and a corresponding flux 
density E = pH. If this space is now filled with iron while maintaining the 
same field fi, the flux density E wi l l  be severa l  thousand t imes  as g rea t  as in  
the case  i o r  f r ee  space.  If the space were filled with a paramagnetic sub- 
stance (such a s  aluminum). the f l u x  density would increase by a factor of 
l e s s  than two. 

- 

is removed is called the retentivity (Brs).  The corresponding 
magnetization a f te r  the field is removed is called the remanence, 

Mrs. where 

_ I  

-, 

.., 

E. ,MAGNETIZED MATERIAL 

A magnetized b a r  m a y  be imagined to be constructed of a l a r g e  number 
of tiny magnets. each with a t (North) and a - (South) pole. These a r e  
a r r anged  end to end so that + and - poles cancel within the bar but not at the 

. ends. This  -orientation is shown .in Figure  1-2. 

If magnetic effects within the'bar are of no concern, the total  b a r  may - 
be  imagined as being two opposite magnetic "charges,  " o r  poles separated 

' 

by the length of the bar.  This  is closely analogous to the concept of an electric 

9 
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II ..a* dipole which consis ts  of two opposite e lec t r ica l  charges  separated by a 

ce r t a in  distance. The magnetized b a r  m a y  a l so  be classed as a dipole. ~ -* , 

* &-- If the magnetization of the  bar is known, then the dipole moment  pe r  Y- 

unit volume of the b a r  is known bv the definition of magnetization. So 
multiplying the magnetization of the b a r  
give the total  dipole moment  f;;; of the bar.  

But the 'volume of the b a r  is simply the 
the length of the bar,  L, so 

, - .  
. .  . .  . .  

J .  . 
If the quantity 1 . - .  

/ .  

- ,  

A i s  

by the volume V of the b a r  will 
This 

-_  rJ 
F -  area of an end of the ba r ,  A. t imes  



whick i s  :)..e c lass ica l  way of expressing di?gle moment in t e r m s  af equal 
c k a r p e s  - separa ted  by a certai*n distance. ComAm.ercia! magnets  are ra:ec? 
e i ther  i n  terms of pole strer.gth o r  dipole rrcrxent. Tke equatior. ab;;-? rr\,a‘; 
be used LO convert  between che two. 

There  is another way D f  looking at a magne t i zedha r .  W e  s a w  e a r i i e r  
tha: spinning e lec t rons  give r i s e  to  dipole moment.  Consider the c r o s s  
sect ion of a magnetized bar, -Figure 1-3 .  

The electron spins are the equivalent of tiny c u r r e n t  loops. These  . 

loops are very  densely packed in the material and  a lmos t  all the cu r ren t s  
c i rcu la te  i n  the same direction. Inside the b a r  these cu r ren t  loops are 

v- cancelled by adjacent cu r ren t  loops as i n  F igure  1-4. 

This r e su i t s  in a net cu r ren t  flow around the sclriace of the bar .  Such 

a’ _J 

However, on the surface of the bar the cu r ren t s  a r e  not cancelled. - 
,-a. --*. 

c - i r r en t s  are called A m D e r i a n  currer, ts .  This net  circulation of cxrrerit  
s:-/es rise,of course,  to the dipole  moniert  o i  Lhe magnetized 3ar. 

b 

ZERO NET 
INTERNAL CURRENT 

NET SURFACE 
CURRENT 
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w h e r e  K d e p e n d s  lipon the tirientatior, of :he dipole a n d  the uni t s  s y s t c : ~  =sed.  

A. curren t  c a r r v i n g  coil h a s  a c : rcuiat1ng cur ren t  and ind) dsco bc 
r ! i p ~ I ~  P . O ~ , ~ R Z  mav t t 7  s:mF!\ ca;c*:!a:rc! ( 5 c - c  tic,:: -:!, 7 -  

~ c t * e  aq a (1 ?i$;c. 
? - n i l e  ).f.-~cierc, ( - c > i l i  ana t h e  :';old eql:'+ris:-,s C,)r r!istar.c-t's z r e a ~ e  r 4 i i z r  

t r r e e  t imes  tr.e i a r ees t  c ~ i m e n n s l u n  0; the coi l  ;,c'coriir ; U e n t : c d &  ; w  L ! . ~  . )A .  
::?e magne t i zed  b a r .  The f i e ld  due  to  a n y  cur ren t  carrying \ \ i r e  ma\  be 
ca l cu la t ed  by the Biot-Savart  Law (Sect ion I l i b  but this becomes  q ~ i t e  i~ is .~~i*b-t .d  
for a l l  but s i m p l e  arrangernexts.  

G. SOURCES O F  DIPOLE hI@h.IEXT 

It was said e a r l i e r  that the dipole moment of a sample of mater ia l  is 
d e t e r m i n e d  by the alignment of the atomic dipoles within the sample.  Whe 
there is a net moment i n  the absence of a magnetizing field is dependenr- 
the atomic and crys ta l  structure of the material. Until n 
moments have been  considered. 

. *  

. '  
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.>- .?ipa;ta A T ; j i y e n i .  For \,(:I-;; weak d i ~ ; ; ~ ~ ~ i ? ~ ? i ~  and 2aramaznetic ? x a t e r : - : a  . -.:s 
n o w e n t  is  
i ields.  F o r  strong:)- pararxagiietic. acd io r  ie r romagnet r i  materiLI:s ik*Aa 

induced dipole motnent is l a rge r .  A s  was seen in  the discussion Ori -nar;n#.tis 
shielding. such induced moments car. dis tor t  the field around the dipole. If 
these ifiduced moments  a r e  in close proximity to a magnetic field n;essur::I; 
device such a s  a magnetometer, the distortions in the field ma>- c a l ~ a e  !k,<-: 
device to gPve quite e r roneous  readings. I t  is advisable, therefore.  tL) plece 
qnfy  materials knowr. to b e  weak paramagnetic 3r diamagnetic c 1 ~ 5 e - a  t c  
s e n s o r .  Electronic c-arnpoiiezts whiz:? have been iabelled wi th  1::~. ::it: . .  .~: . : r : :e: :?-  

; C Y  ..vi::,-h w a s  groar,t! i~ :t 5;:et-1 0311  ill, have beer: ?;nawn to s ~ * r i c \ . s i . :  :::ic\ : 
.s e r.s 1 t 1 e magne tome ~ t "  T 5 .  

cie.tec titLJe :,r?ly wi lh  G c ' l i c i t e  i : - . s t r~ments .  e v e n  i n  s t r o n z  r r j t ; ,  

. 1  

i o  7 Edd) Currt-r.is 

Another soi:rce of rnaqr,c:ii Amomen: a r i s e s  from s--::alI,-c t > c r ,  . 

curren ts .  These a r e  cbr ren ts  whicr.  t-irc..iiate thrcugh a c * 3 ~ 1 c i c c +  3 :  - . - 1  - -, 

conductor is moved in a magnetic field. Eddy cu r ren t s  a r i s e  ir, th.e i~~ ;o - . \ - i n ;  
way : 

an electromotive force, o r  potential is induced in the circuit .  This potertial  , -e 

number of such circuits.  When the mate i ia l  is placed in a magnetic fle!d ana 

c i rcumstances  the moments  produced by these cu r ren t s  m a y  be l a rge  enough 
to aifect  measurements  of a magnetic field. 
e lec t r ic  motors  cause power l o s s e s  due m dhrnic ( iLRj heating. in s,ci, C d s e b .  

-- - 

When the total amount o i  f l u x  through a c i rcui t  changes with time. 

will set up a cur ren t  which will tend to  oppose the change in ilw ( L e n z ' s  law). 
A conducting material in  any form may be considered to  be made up of a l a rge  

the 'field va r i e s  o r  the rnatgrial  is rotated o? moved to  a region of highe; c;r 
lower field, eddy cur ren ts  are induced in the mater ia l .  Under cer ta in  

- .  

. I .u-- 
a 

The cur ren t  in t ransforv 'ers  cind - - "  

- . i w 
eddy current  effects a r e  reduced by dividing the magnetic "circdAt." i1,ia 
small  sections. a s  in laminated t ransiornier  cores.  o r  by actualiv .nwciler ~nlz 
the core  m a t e r i d .  as in f e r r i t e  car< rdc,a- i r rqusncy ~ 3 o k e s .  

3. The rmoe le  ct ric Ef f e c t s  

In addition to the processes  previously described, magnetic fields 
will a l so  be produced by cu r ren t s  set up in electr ical  conductors due to 
tempera ture  gradients in the material .  

The e lec t rons  at the hot end will therefore become more agitated, and ther 
will b& a net flow of "hot" electrons toward the cold end of the materia?. -T 
is a flow of electrical cur ren t  which wodd be maintained indefinitely i f  the 



.. 

1.. .. 

L;<, = permeability oi free s p c e  

. -, _. . * ;. 

7 

t = artla oi tile loop  = :_c- 

7 = distar.se f rom rne p l a n e  :: :?e zogp tcJ +'?e F(2:r.t 
-. 

1 

I t  can readi ly  be seen  that tne ilux d e x s : : ~  t i le l o  d curres : -car ryrc$  loop is 
directlv proportionai to  the area .;i the luop and the amplitude Df the c:.rrent. _-A 

At distances g r e a t e r  than apprc.xi;Eateiv ih ree  t irnes the radius  oi the ' 3op. 
t h e  f l c x  density is i n v e r s e l y  propcrtronhi to t h e  cube of the separation, 5.  
For example, ass.ime that 53 rnii!iampercs ii0q.v in a s ingle  t u r n  loop whose 
uia,meter is 20 incfies.-4t a point 01; t h e  a s s  of the th ree  feet from the cent 

9 
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. I Fi f = 7.68x l o  



2 = 1 turri 

I = 50 ma = 5 x 

r = 10 inches 

ampere 

b = 36 inches 

A = K r 2  = 314 sq. in. 

i E i = 2.37 gammas. \ 

A f l u  donsity of this magnitiide could not b e  : c l c r a ~ ~ - ~ r ;  . L ._ 7 ' '  1.- * i - s -  .-.- 
vicrnity of a sensitive magnetometer. T o  redcce  the eifect  o i  a ~ i ~ r r f i n r  ~ ~ ~ ~ . ~ ,  
the designer may take one o r  more appraaches. T5e magnetic flu:; der,sir;: 
mav be reduced by reducing the currefit in  the wire: this is mualiy imprdcriczi, 
as the electrical requirements of the system tend to set the current level. 
The magxetic flux density may also be reduced by rerouting the offending loop 

most effective methods, since the flux density decreases approximately a s  the 
cube of the distance. Unfortunately; however, sy'stem mechanical corisidera- 
tions frequently eliminate this approach. 

. to increase the  separation between the loop and the sensor: this is 'one of the 

If the designer wishes to reduce the effect of a current-carrying 
loop, therefore, he must reduce the a rea  enclosed by the loop. This may S e  
done by cabling the current-carrying conductor adjacent tp its ground retUrrL. 
An even ml3re effective method is  to twist the current-catrvin? condlxctor 
with the wire carrying i ts  ground return zurrent. Twistmg e i i sc r ive iL  red ,A , . e s  
one large-loop to mult:tade of sm;iii ;o \ jps ..vhoje r-agnetic ::,::As t c r 4  'i) 
cancel. 

It may seem that an obvious solution has been overlooked, zhat 
of shielding the current-carrying conductor. This i s  not a s  simple a matter 
as it may f i rs t  appear. A drstinction should be made at  this point between 
electrostatic and magnetic shielchng. An electromagnetic field may be 
represented by an electric field intensity - vector (E) and a mutually perpendic- 

*.- 

I .  

I . 
~ *: 

ular magnetic field intensity vector (g ) .  The magnitude of the electrostatic 
(E) field capacitively coupled to adjacent circuitry may be reduced by the us 

. - of an electrically conductive shield such as copper braid. In order to re 
.the magnetic (i?) fieId inductively produced by a current-carrying copdu 
it would be necessary to shield the wire with a high permeability ferrom 

a- 

. 

material, Copper braid and enclosures which perform well as electrostatic 
shields would be totally useless, as magnetic shields, since t 6  permeability 

f copper 'io &y dightly grea te i  than that of air.. Complete electromagnetic 
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Figure l -6. C<>rrec t  hlagnetlc Siiieidine 

The total flux density inside the bar  i s  very  hlqh b e c a l i s e  of the ass:stance j^ 

of the atorr,ic dipole moments.  Bct a t  points off the  ax:s of the 5zi- ::?e 3-JX 
?cnsity i s  great ly  reduced cue ta :;e o?posing f ie ld  ~i :I-.? S Z : .  In  effect .  the 
Lar  acts  as a magnetic ' fj.nne1, ' gathering in flux l ines  i rom the sur rouzo:nz  

a space and forcing them through t5e Sar. I 

The effect of magnetic shielaing may now be easlly esplalned. :f it i s  
necessa ry  to keep a magnet:c field out  of an  enclosure,  one need anl-: aciround .- - 
this enc losure  with a high permeability material wh:ch wll conf:r?e maqnetlc 
f l u x  to the walls of the enclosure.  The result ing flm< density i n r i d e  the\enclosuie 
m a y  be made quite low, especially if s eve ra l -wa l l s  of shielding materia! a r e  
constructed (F igure  1-6). 

However, this shieldmg effect does not opera te  well in the  3Tposite sr::se; 
~ 

that is, i t  is much m o r e  difficult to confine the  magnet lc  : ie?d d u e  to 3 m a q x t  - 
ized sample,  o r  o ther  such soarce ,  t o  the Inside 3f 211 er,c;os,re. T%> see :he 

i i l  9 scle!d oi kiTh permea5;liTy ?.-att.r:a: d s  sliou- ir. f:_;,:re ! - 7 .  
reason  io r  this consider  a s imple case in which a magnetized ba r  I S  enc!osed -146 

. .  Tke  i:e!a due to  the b a r  A s  -11ceec L.u.:iinec; 70 [;-.e ~:1~-4;>3..re l . ~ . ~ : - s ,  3-1: 

t k e  enclosure  wails now posses s  a moment of their  own which w i l l , o i c o u r s e ,  set 
up an external  field. In some c a s e s  ibis external  i leid wi l l  have a larg,er eiiect  rr. 

FLUX DUE T3 
SH I ELOING 

SHIELOtNG MATERIAL 



. . .  
t ,  -:.?.:: :?..a: c.:.,ie to the l L r . s k . i e ! q v ~  D+.~T. A l s o ,  :i t k e  e ~ 1 - r ' :  i l T r - i n z t ? r n e : i +  IC: s ! ? t i n g  

. > .  ir. i i r ,  in-ibient fie!& 
assume a m o m e n t  due t o  t h e  ambient  ~ i e l d .  This  m a y ,  again, completely nekate 
tile cscrfi1:riess of :he shielding.  If a rr.ag:rtic sou rce  rnust  b e  compensa ted .  it is 
f a r  s a i e r  to  place n e a r  i t  a dipole oi the  s a m e  m o m e n t  but  oppos i te  ser,se. 
Z i t h e r  a n o t h e r  magne t i zed  s a m p l e  o r  a p r o p e r l y  d e s i g n e d  cq i l  would 5 l i  this  
req:iircment. F i g u r e  : -8 shows :F.e two compensa t ing  d e s i g n s .  

S . L C ~  as  t!le t - x r t h ' s  i ic ld ,  t:?e sr.ieic:nz Ta re r i a l  wl!l 

. .  -. i ~ , e ~ e  remarks  shoa ld  r o t  be :a;ic'c t o  me&:: t52t i t  : s  ;:-npDssiSle t o  
- . .  ".cc.r. t t e  fin!d cf 2 corn?onen: 5 y  s h i e l i i n q .  I t  i s  possible i d  des ign  s u c h  a 
: . . - e ! + ,  .7, 

c.:- . ic:?in~ marcr ia !  a r e  qui te  c r i t i ca l .  F*.i!! and r-om:~ie+rt*iy er,velop::i< SbleiCILiIq 
i j  the  oniy s u r e  t:;pe ci maglietic s:~iei.:iicg, 
5,; h o l e s  ar?a cu tou t s  the b e t t e r  the protect:oz w l i  be.  

. -  hi27 ?fie g e o m e t r y  of the  shield and t!ie scriection ;ind prepLrat1ox-i ~i the 

. .. * .  
i:;d - L  --.e ' L L . - 2 2  L , . A . j  ?~;-.ci:c=t: I; Lrok.en 

I n  se l ec t ing  a ' sh i e ld ing  m a t e r i a l ,  it 1s e s s e c t i a l  to  know ;he ranse of 
rr,ag,r.etic ~ I L X  clezsi~!; E 3-Jer *.vhick tke sh ie ld ing  F.'ist be e f fec t ive .  The  proper  
s : : i r ~ ~ ~ ~ ~  rna t r r ia !  can then be  seiec:ed c y  ca~s idera : :on  o i  the p r r r . e a b i i i t y  
,.-1:rves of ava i l ab le  m a t e r i a l s .  A pern ieabi l i ty  c i l r ; v t  i s  a plot of ?exr .eabi l i ty ,  
U, v e r s u s  f 1 - s  densit)- or induction. B. A ty?ical ?errneahilit:.- ccr-*.e : c  shown 
ic F i g u r e  i -9 .  In  gene ra l ,  it is d e s i r a o l e  t 3  design the  shield to o p e r a t e  urit'nin 
the  l i n e a r  r ange  of the c u r v e  between points A and E3 s o  tha t  a change  i n  ambient 
f lux dens i ty  is c o m p e n s a t e d  by a linear change i n  pe rmeab i l i t y .  

. . . . .  

COMPENSATION W I T H  
SIMILAR DIPOLE 

16283 

\ 
DIPOLE MOMENT 

OF BAR 

COMPENSATION 
WtTH COIL 

- . Figure 1-8. Magnetic Compensatio: 
a ,  



. 

*- c 3 x  103 - 
J .' . 
m 
4 2 x 135 - - 

Q 

I I 

After a magn.etic shield has Seer, designed and fabrica:ed, i t  i =  ' re-  
quentl3- annealed i n  o rde r  t o  g a i n  a h i z h  permeabili ty and remr,-,-.? : z+ .e~r .z :  
szresses  which may ca;;cf :. insrzSle : r~ :d .~a :  il;?x der,s:::s.s. 1. : j  

that annealing be perfcrmed a f t e r  ai: m?chinir,g ar.c formic3 3peizt:zEs a r e  
completed. 

i t  snouid be noted that, ii the mater ia l  used ir, magnetic shitriding 
becomes saturated (that is, all  the atomic dipoies became aligned with the 
field), the mater ia l  wili no longer act as an effective shield. This  may be 
seen graphically on the permeability curve of Figure l z 9 .  For vaiues of ilux 
density between points A and-B on the curve, the shielding mater ia i  will be 
effective. Howiver, a s  the flux density inc reases  beyond point 5, the mater ia i  
becomes saturated.  This shows up as a decrease  in permeability with 
inweas ing  f l u x  density. 

The effectiveness oi ?;lagretic shielding may also be redaced 5;; shock, 
vibration, and high terr-perature environr.ents. Such conditions ter.6 ro 
destroy the a:ii;nmer.; of the atsrr'ir- di?oles i n  the TzlzTe r : ;~ : ,  -:1:5 a:~ac:ir,< 
:he sh ie ld inq  eiiec!. I I;T ?er?rlea'rjiiity cf The shielding r r a ~ e r  : i1  .h.ia 
i ts eiiectiveness decreases  w i t h  i r , c r e a s : n g  temperatures unIi!, a t  a si-;:ical 
temperature ,  the permeabili ty is almost :kat of f r ee  space. Above t h i s  cr i t ical  
temperature ,  called the Curie temperature  (point), the ma t r r i a i  wil i  be para-  
magfietic ra ther  than ferromagnetic.  This effect occurs  for  all f s r romaenet ic  
mater ia l s .  

. ,  . - .  
-. 

. .  

.. 

It cannot be too strongly emphasized that the proper  design of an effective 
magnetic shield requi res  the knowledge of an expert  working in the h e l d ;  It 
should not be attempted without such knowledge. It mus t  a l so  be emphasized 
that no one o r  two shielding mater ia l s  provide a panacea for all shielding 
problems. Each and every  shielding application requi res  individual 
consideration. 



Demagnetization s5 an object r e f e r s  to the rernoLrai of :he residual 
magnetization of the object. The process  of demagnetization i s  also known 
a s  degaussing and deperming, since demagnetization removes the residua? 
flux densi ty( in  gausses)  and the permanent moment due to the residual magneti- 

of e lectronic  components and assemblies.  i t  has  long been used by the Navy 
to reduce the magnetic moments of ships. Demagnetization can a l so  be quite 
useful in reducing the magnetic effects of assembl ies  i n  c lose  proximity to a 
s e r, s it 1 ve mag ne to me t e r s y s t e rn . 

zation, Demagnetization is often used in  determining the magnetic proper t ies  I _ -  

There  a r e  two basic methods of demagnetizing ar, object. Both in\-<Jlve 
the use  of a gradually decreasing aiternating magnetic iield. This h a s  the 
effect of gradually shrinking to zero the a r e a  enclosed by the h y s t e r e s i s  
Curve of the object ( s ee  F igure  2 -  11, Section 11, Glossary) .  DemaTnetization 
may be  accomplished by placing the maqnetized object in an al terrat ing macnetic 
f ie ld  which is slowly being reduced in magnitude o r  by  s iowly n o v i n q  the 
object out of a steady-state alternating magnetic field. The la t te r  method is 
prefer red ,  since it will usually yield m o r e  complete demagnetization. 

An alternation frequency of 60 cycles  p e r  second is commonly used in 
demagnetization. The degree of demagnetization can  be g r e a t l y  improved by 
using a lower frequency, preferably in the neighborhood of 1 cycle p e r  second. 

- 
t -7- 

The alternating magnetic field used i n  demagnetization will induce an 
electromotive fo i ce  (emf) in 'any Elosed 'circuit. loop in the object being 
demagnetized, The power due to  this emf is dissipated as  heat in  the res i s tance  
oi the circuit. F o r  this reason, many designers  i e a r  that demagnetization 
procedures  may damage an electronic circuit .  There  is little basis  for  these 
fears ,  since typical c i rcui t  loops are  small enough s o  that normal  demagneti- 
zation procedures  will not ha rm the circuit .  

The t ruth of this statement cdn be i l lust rated b y  an exampie. -1 c s 6 
:ir.ck c i rcui t  module is to be demagnetized by gradLa1l-j withdrawing it f rom a 
100 gauss, 60 cps field. A circui t  loop ex is t s  around the per imeter  of the 
module. The induced emf may be sa lcda ted  f rom Equation D-2-2  (Section 111, 
Formulas) as x. 

e = 6.45 x 10- l 3  nAeif s in  6 .'I i5 volts 
a t  

. .^. 
j I+ 

. .. 
i.. 

where 

n = 1 turn  
2 A,ff = ( 6  x 6 )  = 36 in. 

6 = 90' ( for  a maximum value of e )  
-? 

= 100 s in  (Zn x 60 cps) t (gausses)  = 1O'sin (377  t )  (gammas)  



7- 

A h t .  maximum power dissipatcd i n  the loop is 

(S.  7 5  x ! 9 - - 5  
watt - - 

pm ax i 

IK is extremely unlikely that tiils power  !ei.ei would damaze an; :::c:r - - .  --- L - 
compoxent. It should be noted t k t ,  if a 1-cps alternarisn frequency were 
used instead of 60 cps, the power dissipated would be extremely small. 
In the above example, thz i:->.ximum power dissipated in the 1-ohm clrcuit 
would be about 2 microwatt-. 

3 . THE INVERSE CUBE RELATIONSHIP  

Consider the bar magnet shown ill F i g u r e  1-10. The magnet ma:; b? 
. . r ls i la l  ized as consisting of two oppsite!v charged magnetic poles  a: s t r e c g r h  
rnp separated b y  a distance P . It is desired to find the magnetic field intensity 
(fi) at a point P located on the pole d X l S  of the magnet and a distance r from 
the center of the magnet. 

The field intensity a t  P due to the north pole is* 

oe r sled (CGS - EMU) 



t -  
1 



. . . . .  
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SECTION II 

GLOSSARY 

A. INTRODUCTION .- 
This glossary of t e r m s  and symbols is furnished as a reference to many 

-- 
.* - _ _  of the t e r m s  and sy-mbols used i n  the srudy and application of magnetic effects. 

In the glossary of te rms ,  each t e r m  is followed (where applicable) by 
the p re fe r r ed  symbol (given f i r s t )  and al ternate  symbols less commonly used. 
The dimensions ai zhe quantiiles tha t  iollow the symbol a r e  given in rational- 
ized MKS tinits (KLIKS) and i n  CGS-electromagnetic units (CGS-EMU). Tke 
t e r m s  "CGS units" and "E,MCT" a r e  synonymous and r e fe r  to units in,the 
CCS electromagnetic sys tem to which no name has  been given. F o r  example, 
magnetic dipole moment is usually given in ampere - tu rns -me te r2  in the 
rationa1:zed XKS system a d  in CGS units 3r E M U  in the CGS-electromagnetic 
system (actuai units: abamp-centimeterz).  Since the term "CGS Units" is 
m o r e  frequently used in this field, it will be used throughout this report .  

magnetics and the quantities to which they refer. 

. 
. 

The glossary of symbols lists those symbols most  commonly used in 
..I 

a, 

B. INDEX 

Item - 
Abamp 

Abcoulomb 

Absolute Permeabi l i ty  ( see  Permeabili ty) 

Rage 

2- 9 
1 

2- 9 

2-  29 

Abl.-olt 2 - 9  

Alloy 

Ampere 

Angle, Dip (see Dip Angle) 

Anomaly, Magnetic ( see  Magnetic Anomaly) 

Barkhausen Effect . 

Calibration, Favorable  Position 

Calibration, Unfavorable Position 

Coercive Force  

2- 9 

2-9 

2-12 

2- 22  

2-9 

2- 9 

2-9 

2- 10 

_" ' 



I tem - 
Constant, hiagnetic ( s e e  Permrab i i i t y )  

Coulomb 

Cur i e  T e m p e r a t u r e  

C u r r e n t  Density 

C u r r e n t  Loop 

Currents ,  Eddy ( s e e  Eddy Cur ren t s )  k 

Curve, Initial LMagzetization (see Init ial  
Magnetization Curve / 

Curve, Normal  Magnetization (see Normal  
Magcetizatior, C d r v e ;  

Curve, Pe rmeab i l i t y  ( s e e  Permeabi l i ty  Curve )  

Degaussing (see Demagnetization) 

De mag  ne ti z a t i on 

Demagnetizing F a c t o r  

Density, Displacement  Cur ren t  (see Displacement  
C u r r e n t  Dens 1 ty ) 0 

Page  - 
2 -  28 

2- 11 

2-11 

2-11 

2-11 

2- 15 

2- 20 

2-  27 

2-31 

2 -  12 

2 -  12 

2- 12 

2- 14 

Density, Magnetic Flux (see Magnetic Flw lhnsity) 2-23 

Decsity, Res idua l  Flux (see Residual  Flux Density) 2-35 

Density, Saturat ion F l u -  ( see  Saturat ion F l u  
De n si ty  ) 2- 37 

Deperming (see Demagnetization) 2-12 

D i arn a g ne t ic 

Diamagnet ism 2- 12 

2-12 

Differential  Permeabi l i ty  (see Permeab i l i t y )  2-30 

Dip Angle 2 - 1 2  

Dipole, Magnetic 2-12 

&pole Moment 2-12 

Displacement  2-13 

Displacement  C u r r e n t  Density 2- 14 

Domain 2- 14 

Dumet 2- 14 

Dynamic Magnetic Field 2-15 

Dyne 2- 15 

i 
I 

i 

1 - * I  

- 1  
- 1  



,.-.*? Effec t ,  Barkhzusei i  (ser B;rrkha.isez ~ : : e ; - t )  

Effect, ZZeemaii ( s e e  Z e e m z : :  E i i c c t )  

Effective Permeabili ty ( s e e  Permeabiii ty) 

E 1 tf c t r o:n o ti v e F 3 r c e 

E:cctromotive Force ,  i n d ; ~  ed 

F e r r i c  indxt ior :  

F e r r i t e  

F e  r r ornag xie tic 

Fer romagnet i sm 

. . Field,  Dynamic Magnetic (see  Dynamic 
Magnetic Field! 

Field, Homogeneous ( s e e  Homo%er.eous F ie ld)  

2 - i t .  

L 7 -  1': 

2- 17 

2- 1'5 

2 -  19 

F!w Linkage 2 -  18 

Force,  Coercive ( see  Coercixre Force )  2- 1 0  

Force, Magnetic ( see  Magnetic Field Intensity) 2-  22 

Gamma Slinger 2 -  !8 

Force,  Electromotive ( see  Electromotive Force)  2- 15 

Gamma 2- 18 

G a u s s  2- 18 

Gilbert  2 -  19 





Magr,etic Loop Xlurnicnt ( s e e  Dipole . ' . i s re  i t )  

2 - 2 4  

2 -  ! 2  
. ?- .. 



!datual Inductance 

Netic 
9 

2 - 2 7  

2 - 2 7  
. -  

? - L /  N e  w tori 

N o r r n a l  H y s t e r e s i s  Loop ( s e e  H y s t e r e s l s  Loop)  z - L ; j  

Perm Stabi l i ty  ( s e e  hlaqnvtlzatidn 3 i a L i i l t v )  2 - 2 3  I 

P e r n? a n e  n t 51 a g n e t 

Pe r me abi l i  ty 

I 

~ 

'I 7 Q  
L . - L I J  

-4b s o 1 11 t e 

Dlirc- rexit iai  - - ;L' 

I 

i 
I 

i 
I 

I 
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E f f e c  t i i  e 

Incremental 

Maxi mum 

Normal 

P e a k  

R e l a t i v e  

C !  Free Space 

,3errneabili tv C u r v e  

Pe r m e a z c e  

,-e rrr.edz.etter 

P h y s i c  ai P o i n t  

Poir.t Physical (see Physit a1 Point) 

Pol e ,  f.¶ ag ne t i c- 

Pole Strength 

Pole, Unit (see Unit  Pole) 

- 

Potential,  Mag ne tic 

Potential, V e  c to r 

Pragilbez-r 

F r z o e r s t e d  

Pseudo-  Perrr :  

Rational ized Units 

Relative Permeabil i ty  (see Permeabi l i ty)  

R e!uc t an ,. e 

R e l u c t i v i t y  

Remanence 

Residuai Flux Density 

Res idua l  Induction ( s e e  Residual Flux 
De n si t y 

Res+iliaA !dagnetisrn 

2 - 3 1  

2-  3 C  

2 - 3 0  

2-25 

2 - 2 1  

2 - 3 1  

2 - 3 1  

2 - 3  1 

2 - 3  1 

2 - 3 2  

2- 32  

2- 39 

2 - 3 2  

2-33. 

2 - 3 3  

2 - 3 3  

2 -  3 3  

2 - 3 3  

2 -  39 

2 -  34 

2 -  34  

2 - 3 4  

2 - 3 5  

2 -  3 5  

.J . 
. p2  

x%- 

. .  

- .  . , .  .' 

, ,.> .' 



Item 

getentivity 

Rubidium Vapor Magnetometer 

Saturation Flux Density 

Saturation Hys teres i s  Loop 

Saturation Induction ( s e e  Saturation Flux 
Density) 

Saturation Magnetic Field Intensitv 

S a t x  at ion -Vagne t i  zatio n 

Self Inductance 

I Skin Depth, Magnetic 

Slinger, Gamma (see Gamma Sl inger)  

Soft Magnet ( see  Temporary  Magnet) 

Static Magnetic Field 

Statit Permeabi l i ty  ( see  Permeabili ty) 

Susceptibility 

Symmetrical and 'Cyclical Magnetism 

Temporary  Magnet 

Torque Magnetometer 

Total Field Magnetometer 

Unit Pole 

I 

Vector Magnetomeler 

V e r t i  c a1 G r ad1 e nt 

Volt 

Weber 

Zeernan Effect 

Page 

2-36 

2-37 

2- 37 

2-37  

2- 37 

2 -  37 

2- 37 

2-38  

2-38 

2-  18 

2-39  

2-38 

2- 28 

2- 38 

2-39 

2-39 

2- 39 

2-39  

2-39 

2-40 

2-40 

2-40 

2 -40  

. . *.<- 



C.  DEFINITIONS 

Xsamp, Abcoulomb, Abvolt: 

In the CGS-EMU system of uni t s :  

The abamp is the unit o i  current 

The abcoclom-b is the unit of charge 

The abvolt 1s the unit of t!ectr:cd ?o:en::al. 

Ab solute Pe r me ab il i t y : 

See under Permeability- ( 2 ) .  

Alloy: 

An alloy is a homogenous mixture of two o r  more metals. 

Ampe re : 

The ampere is the MKS cnit oi electrical current, o r  r s t e  of 
flow charge. 

couiomb 
sec  

1 ampere = 1 

Annealing : 

Annealing is a process o .,eat treatment and controlled coolinq 
applied to some alloys to remove o r  prevenr internal 
s t resses .  Magnetic shielding materials a r e  normally 
annealed after forming to gain high permeabilities. 

Anomaly, Magnetic: 

See under Magnetic Anomaly. 

B arkhaus en Effect: 

When a ferromagnetic materia; is placed in a m’agne:iz:nq 
field. and the field is smoothly increased, the 
induction, g, in the material changes in discreet steps 
a s  the individual domains in the material  change their 
alignment. This step-wise change is called the 
Barkhausen effect. (See Figure 2- 11. ) 

. Calibration. Favorable, Unfavorable Positions: 
Magnetic sensing devices a r e  generally calibrated by aligning 

the sensitive axis of the sensor with the earth’s 
magnetic field and rotating a magnet oi known strength 
at  a known distance from the sensor. The peak-to-peak 
field seen at the sensor due to the rotating magnet, 
is used as the calibration. 

I 
I 
\ 
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C A L I  BRAT1 ON 

FAVORABLE PO5 I T I O N  
MAGNET IN T H E  

/ 

CALI  EXAT!  0% 
MAGNET IN THE 
I iNFAVCRABLE 
POSlTlON 

I NOTE: S E N S O R  I S  ORIENTED IN THE X-Z PLANE 
16235 

F i g u r e  2- 1. Favorable and C n f a v o r a b l e  Ca1ibratiori.P ,.,;I :an;. 

.. L 

Coerc ive  Force: H, 
amp-turri 

7. f?tC r 
( R AlKS) ; oersted ( CGS - 4:hI 1:). 

F o r  a ferrorr iagnei ic  mater ia l ,  t h e  coerLi\'e :brc.e is  : ; , e  
value of r e v e r s e  magnet ic  f ie ld  intensi ty  required to 
reduce the resiciuai flux densi ty  to z e r o  v..hcn the 



a t  the intersection of a closed k\-s teresis  loop wit:: :Fie 
- $ !  A:- ( F i g u r e  2 - l l a ) .  

Coercivity: Hc, 

amp  - tu r n 
me te r  (RMKS); oers ted (CGS-EMU). 

Co-Netic: 

Co-Netic is a trade name (Perfect ion X I i s a  Co. 1 i o r  a high  
permeability, low saturation induction alloy. 
Manufacturer 's  recommended application 1s for l o w -  

level  magnetic shielding. 

Coulomb: 

The coulomb is the unit of e lec t r ica l  charge in the MKS 
system of units. 

Curie  Temperature:  Tc 

As the temperature  of a ferromagnet ic  mater ja l  is increased,  
the relative permeabili ty decreases  Lntil, a t  the Curie  f 5 

temperature  (Ccr ie  point), i t  :j n e a r l v  axi ty .  -4Sove 
the Curie  temperamre  tne  mi3teriai is aaramagnetic 
but not ferromagr-etis. -4 t - j p i cd  -;I- .:J,: 

Current  Density: J' 
- _  - r* - -.. . (CGS -EMU)  amperes  abamps 

2 (RMKS);  
c m  9 mete r  s t  

The cur ren t  density vector  indicates the amount of charge 
f lowng in a region p e r  unit time p e r  unit area. The 
direction of J' indicates the direct ion of cu r ren t  flow. 

Curren t  Loop: 



Degaussia-.: 

See  uiidcr Dernagxetization. 

Demagnetization: 

Dernagnetizatmn r e f e r s  to the removal of the residual f l u x  
density (Br), of a masnet ized mater ia l .  Demagnetiza- 
tion is normally accomplishe'd by placing the magnetized 
object in  an L?L:razting magnetic field which i s  slowly 
being reduced in magnitude, o r  by slowly witk?brax*in= 
the  object i r o r n  a stead)--state ai;err,ating zi~g--t::-: 
field. T5:s 7 r G c e s s  1s also called 2egacsl::n: LE? 

deFe rm:zz. 
- 

I- Demagnetizing Factor :  D Lr:r!es s 

When a mater:al is magnetized, a field is  se t  up w r t k n  the  
mater ia l  which o 3 p o s e s  the magne t i z in2  i i e l c  i Le!iz's 
Law). This  internal field, Hd, is roughly p r o p r n o n a l  
to the magnetization M such that 

- 
a. 

- 
Hd = - DG . 

D is called the demagnetizing factor. 

Deperming: 

See under Demagnetization. 
. *  . .  

Diamagnetic, Diamagnetism : 

In a diamagnetic material, the effect of Lenz's Law on the 
electron orSits  in individual a toms tends to dec rease  
the flux through the mater ia l .  This process  is known 
as diamagnetism arid is  present  in a l l  marer ia l s  
though it may be masked by paramagnetic 3r ;erro-  
,rnagnetlc eiie cis. 
have a susceptiblilty ' - -  ; n  the range - i  < lr- 
and will bt weakly repelled by a magnet. 

-1- p ~ r ~ i y  diamagce::; ;n,;c r;ai ~ i l i  
L: 

Differential Permeability: 

See under Permeabili ty ( 7 ) .  

Dip Angle: 

The dip angle is the angle between the ea r th ' s  magnetic 
field and the surface of the ear th.  The l ine of z e r o  
dip angle is called the magnetic equator (see 
F igure  2-2). - -  

Dipole. Magnetic, Dipole Moment: m, p, 

amp-turn-meter2 o r  weber-meter  (RMKS) 
CGS units (CGS-EMU). 
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UN M At N E T I 2 E D PARTIALLY 
MAGNETIZED 

SATURATED 

ARROWS INDICATE DIRECTION OF ALIGNMENT 
16287 OF DOMAINS. 

Fi?;ire 2 - 3 .  I)omairLs 

. -  

- ”  

.. 

- -  
_ -  -.I.. 

. *. 

... 

~. magnetization i n  thc mater ia i .  -At sd t t :  l-,irior-., a d -  .- 

domains are  a l igr .cd  w i t h  the a?plied fic:d (Fi::ire L - 3 ) .  & 
e 

Du,ne t : 

Durnet is an alloy of 4 2  percent nickel and 59  porcent  vron. 
I t s  thermal explnsion character is t ics  a r e  s imilar  to 
those of platimim and i t  is used  in mzny g la s s - to -  
metai s l a t s .  



Dyne (CGS):  

The dyne is the unit of i o r c e  in  the CGS sys te : .?  o i  1 - . . ' 7 .  

" r a m - c e n t i m e t e r  

second-  
i dyne = 1 b- - 

i 

Elec t romot ive  Force :  e, E c.nf . 

~ o l  t 5 (R 3 f KS i ; ab vo 1 t s ( CGS - E M C ) . 

I f  the 
chanzes at R rare aG ,'?t, a:: em1 w i i !  b e  ~ n c  1 ,  ' 2 ~ ;  -:- : . -e  
c 1 r c :11 t s 2 l C  n t na: 

a@ 
at * 

e = - -  

In accordance with Lenz 's  Law this effect  \VI-: ~ C C  UI 

e i t h e r  i f  the c i r c u i t  is m o v e d  o r  1i  t k e  i l ~ s  2e-,s;*! 
changes, so long as  the number oi lines tliroiA:-,h ti-e 
c i r c u i t  changes ( F i g u r e  2-4).  
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A.  SELAT!VE DIMENSICNS: 



c 

Flux Linkage: nQ! 

weber-turn (RklKS);  maxwell-turn ( C G S - E M U )  
A. 

Flux linkage is the product of the magnetic f l u x  @ through a 
c i rcui t  and the number of tu rns  comprising the circuit .  - 

- 

Force  ,Coercive: Hc 

See under C c z r c i v e  Force.  

The gamma 1s deiixed iis a unit o i  rn-aprietic field in:eI;si 
( G )  and is eqilal 20 gauss,  NOTE: This is an 

1- I 

appa ren i  contra+;ction, since a gauss is a measure o i  
magnetic flax density (B). I t  would seem, ther,, that 
the gamma should be equal to oersted.  The 
definition i s  valid but only in a t rue  nonmagnetic 
medium in  w h i c h  the permeabili ty (p)  is equal to i 
(CGS-EMU). The use of the t e r m  "gamma" as a 
unit of field intensity was first introduced in studies 
of geomagnetism (in which, of course,  p = 
gausses and oer s t eds  are e.quivalent) and is now in te r -  
nationally accepted. For example, the ea r th ' s  magnetic 
field varies between 25, 000 and 75,  000 gammas, o r  
0.25 to 0 .75  oer s t ed  ( o r  gauss) .  The gamma is some- 
times used for both field intensity and flux dens:+v 
when the permeability is unity. See a i so  Oersted.  

- 

= 1 and 
Po 

Gamma S i n g e r .  I 

A gamma a i i n g e r  1s a Z.~-J;LC c o n s i s t i n g  oi 3 m-gr-e: 2: . ~ i . ~ - i i  

st rength which mav bz rotated at v a n a u s  speeds to 
establish a psriodic ma;netic field fo r  caiibration of 
m a p e t i c  instr*iments.  

Gauss: (CGS-EMU) 

The gauss  i s  the uni t  of magnetic f l u x  density in the'CGS- 
EMU system. The t e r m  gauss  is often applied to 
magnetic field intensity s ince the relatlonship 

S = fi ( for  free space in  CGS-EMU sys tem in 
whichPo = 1) . 

S;Jggt?St.i that iield 1i.teZ:Sltv and flux densit); r.*jst be in 
Lr in t ic r l  units. . ,  



coil. The field rn a smal l  volurr?e about Taint A shown 
below is very near ly  homogeneous. Such an a r r ange -  
ment  may  be used to buck out ambient f ields ear to  
apply a tes t  field to a sample (F igure  2-6). See Section 
Section IV, Formulas,  for  method of computing field. 

Henry: (RMKS) 

9 VOLUME W I T H  NEARLY 7 HEMOCENEOUS FIELD 

A 
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The henry i s  the i nduc tance  
of a closed circui t  in 
which an  electromotive 
force  of i volt i s  
produced when the 
e j ec t r i c  c'1TTe?r :n : t i &  

c I I c zit v a r i r s .:E: i 3 r n: 1 7, 

;it if ra re  oi . a x p e r e l  
s e c o nd. .A. it e r na t 1 ve i v, 1 t 
i s  the inductance 0: a - ** 
c i rcu i t  in which i arxpere 
produces a f lux linkage of 
1 weber- turn.  @Re ?&enrv 
(RMKS) is equal to i 0  

I 

Ti 

*.-* T 
0 

t CGS units (GGS-EMU).  
_ -  

Homogenous Field: 
I 

* A homogeneous field is a field ~ 

having the s a m e  mazni -  ~ 

tuae and direcrior, a t  a l l  
points within ths  region 
of homogeneity. 

' gu re  2 - 6 ,  Helmholtz Coils, Side View 



Horizontal Gradient: 

The horizontal gradient is the rate  of change of the e a r t h ' s  
magnetic field with respect  to position on  th.e earth, 
o r ho ri z ontal di s pl ac ement . 

Hysteresis  : 

When a ferromagnetic substance is subjected to a magnetic 
field, magnetic hysteresis  causes  the magnetic flux 
density to lag behind the magnetizing field. S e e  2 s ~ .  
"Hysteresis LOOD, azd F-igure 2 -  1 l .  - 

Hysteresis Loop:  

A hysteresis  loop is a plot of 1s f 
mater ia l :  i. e., a graph of magnetic flux density versus  
appiied field intensity. The power losses  in a magr?etic 
circuit  a r e  -proportionaT to the enclosed a r e a  of the 
hysteresis  loop. In general, the t e r m  "hyszeresis  loop:' 
is taken to mean a "normal" hysteresis  loop for a 
mater ia l  which has been symmetrically and cyclically 
magnetized. See Figure 2 -  11. 

versus  for  a qiven 

Inclusion, Magnetic: 

See under Magnetic Inclusion. 
. .  - .  

Incremental  Permeability: . 
See under Permeability (8). 

Inductance, Mutual: bl 

See under h4utual Inductance. 

Inductance, Self: L 

See under Self Inductance. 

Induct i on, Mag ne t i  c : 

See under Magnetic Flax Density. 

Induction, Saturation: 

See under Saturation Flux Density. 

Initial Magnetization Curve: 

~n initial magnetization curve is a plot of 1s 1 ver sus  I G- 1 ...- 
for a n  initially unmagnetized material. The magnetiza- - 
tion curve passes through the origin of the B-H plane, 

id* but a hysteresis curve does not. See Figure 2 - l l b .  

Intrinsic Flux: 

See under Intrinsic Induction. 



-. . 

. 
Intrinsic Induction: g1 

weber 
m e t e r 2  = (RMKS); gauss  (CGS-EMU) 

A ferromagnet ic  mater ia l  offers a lower reluctance path to a 
magnetic field than does a i r .  Thus, a given magnetic 
field intensity will produce a l a r g e r  f l u x  density in a 
ferromagnetic material than in air. The intrinsic 
induction is the vector  difference 5etwern t!ie magnetic 
f l u x  density in a magnetic materia! 3r.b r5e magnetic 

... -% - density tkat w o d d  exist ir, ;i L - ~ C , - , - - -  _ L u A l .  . ixder  the  . 

influence of the same  applied field intensity. E; is  
re la ted to the flux density 6, the mac2etic i i e l i  
intensity fi, and the magnetization fi by 

where p is the permeabili ty of f ree  space,  and by 
0 

- - 
Bi = E - H = 47 (CGS-ESU). 

The intrinsic induction is a l so  called intrinsic flux and 
ferric induction in var ious texts.  See also Magnetization. - 

Joule : 

The joule is the MKS unit of energy. 
kilog r a m -  m ete r 2 

2 1 joule = 1 newton-meter = 1 
- second 

Kovar: 

Alloy or approximately 15 percent  cobalt, 3 I percent nickel, 
and 54 percent ir.on, Kovar is useful in that its expansion 
charac te r i s t ics  are similar to those o i  glass into which 
it may  be  sealed. It is found in the hermetic  glass- to-  
metal sea l s  of many components, a l l  of which are 
extremely ferromagnetic.  

Lenz ' s  Law: I 

I 
1 
I 

Lenz ' s  Law states  that  an induced electromotive fo rce  (emf)  ,.. 
is directed so as to tend to oppose the  cause producing - 
it. F o r  instance, if an emf is "caused' '  by a change in 
f l u x  through a closed circuit, the cu r ren t  result ing 
f rom the emf will se t  up a flux of i t s  own which wil l  be 
directed opposite to the direct ion of change of the 



Line of Flu=:: 

line of i1-u is ;i concept  *ilicil per in i t s  the ~ i s i ~ ~ + l i z i i r : ~ ~ r  o i  
a magnetic f:eld as l ines  of equal fo rce  or s t rength .  
Although the "lines" a r e  imaginary,  they a r e  convenient 
for descriSing a magr-etic field. F1-u  l ines  of m a e n e t i c  
c i rcu i t s  must  always form closed loops. While tkie 
collcept of l ines o i  force  o r  f l u x  flowing and haL-xF-2 
directional properr ies  is an advantage, it s h o d d  be 
rernzmbered t h a t  rbe i d e a  1s used  fo r  convexlecc? C P . ! ~  

and the i r e i a  is actus,;;. i:oi-7ogeneous. 
of the f lux  11r.es .;:r;c! ti?? ! I rec t ;?R 3i I.?C :1-2 - 

-. 
A 1 1 2  cIirec:lon 

flux- densit;. ( E ) ,  
of B. 

and :::e;:- de:,~;-*.* .." ;- ;eLcs L i C  x-,L- 1.. - - -  

A l ine is a unit of magnetic f lux (CGS-EXlU) equai to ! maxwell. 

,Ma 2 net i c -4.x G m 3 1 y : 

A magnetic anomaly is a d;stor::or, 3r ;rregu!ari:v ::I :-:e 
e a r t h ' s  magnetic fieid due t o  A c  presence  ai z c z ~ : ~ r  
magnetic field. 

Magnetic Constant: 

See under  Permeabi l i ty  ( l ) .  

Magnetic Field, Dynamic: . .  
See  under  Dynamic ,Magnetic Field. 

Magnetic Field Intensity: fi 

amp - turn 
mete r  

(RMKS); o e r s t e d  (CGS-ELMU) 

X moving charge se t s  up a dis turbance in the  space si:rro~;nc?- 
in# it. This disturbance is known as :he magnetici:eici. 
The intensity arid direct ion of the magnetic iiz!d 15 

denoted by the quantity fi. The magnetic fieid intensity 
is a m e a s u r e  of the abil i ty ot an e l ec t r i c  cu r ren t  to 
produce magnetic f l u x  densi ty-(g)  at a given poict. H 
is re la ted  to  the f l u x  density B and the magnetization 

- 

by 

G =- I 8 - 6 (RMKS) 
PO 

where po i s  the permeabi l i ty  of f r ee  space and by 

= - 4T (CGS-EMU). 



Magnetic Field, Static: 

See under Static Magnetic Field. 

Magnetic Field Strength: 

See under  MagRetic Fie'd Intensity.  

Magnetic Flux: Q 

, *  = BA. I 
For an a rb i t r a ry  area 4 comDosed of di:ferential - 

I 

e lements  dP., the total flux through A IS: I 

I 

- I  
JAB c o s  9 d.4 = fA 

n d-4 = 

. .  where is the ilw density 
and A IS  a unit vector  
d i rec ted  normal  to d A  
(F:gure 2 - 7 ) .  

- 
Xlagnetic 71w a e r s i t y :  E 

web t i  r - (R?,;KS'i; < a L 3 s  (CSS-;l.:Y; - . m e t e r -  n I 

The f lux  density, 6 ,  is a vec to r  
descr ibing the maclnitcde an6 

magnet ic  field E and the 
magnetization by 

B = )io (fi + G )  (RMKS) 

po is the permeabi l i ty  oi free 
space.. o r  

B = fi + 437 (CGS-EMU). 

- 
where 

16290 

is also known as the 
magnetic induction. 



!b.IaSnet:I S'riic~ld; rls (?\Ldte rid;  j :  
*-: 

-4 maznetic s h i e l d i n g  mater ia l  i s  any of a number of hiqh 
permeability m a t e  r ia l s  (mumetal,  permalloy, moly- 
?ermalloy, eti ' .) which may be used to confine a 
r n s n n e t i c  iieic td a c erta in  region, e. g., to the walls 
of an em los$rre bounded by the shielding material .  

- 
:"ids net 1 Ld t 1 on: hi 

. .  T'.c mk<net :za t .  -,i a mater ia l  1s ;F rTleasu7e ni the degree  
a tomic  dipole morner.ts iri t h e  mate r i a l  

art '  ~ L L ~ ~ I L U  L Q i t i i  a magnet iz ing iieid. Specifically, 
magnetization is defined as the vector s u m  of the 
atomic dipole moments pe r  unit volume at a physical 
poi 
the 
t a t  
H, 
- 

nt ,  i . e . ,  the magnetic moment per  unit volume o r  ~ 

magnetic polarization of the mater ia l .  Magneti- 
ion, XT, is related to f l u x  density, B, and the field 
in  a ma te r i a l  by 

- 

- 1  
L,i = -- fi - R (RMKS) 

c'o 

- g - f i  
31 I=--- (CGS - EX!C). 4 n  

NOTE: In some technical publications, the name . 
"magnetization" has been given to the quantit ies 
J' o r  I.-- = po!? (RMKS) a n d <  = 47G (CGS-E 



-r I h,c'<e S r c ,  L ; r  , _ c > ~ ~ s e -  n o t  1 r . t  m d z c e t i c  m o m e n t  
oer  , A ~ ~ t  X o 1 u - n ~ -  5;t :ha1 pa r t  ui  tke d -  t - n s l L y  I - * - -  

dLe to  the material, i. e .  , the i i i trmsls iiiduction. 

2. The t e r m  "magnetization" m a y  also be used in  r e fe r -  
ence to the tendency of a ma te r i a l  to re ta in  a 
residual f lux  density f B r )  af ter  exposure to a 
mazr,etizing tieid. The p rocess  of magnetization 
r-eiers to piacing ax object in a unidirectional ' 

ma:netic f ie ld  : E  o r d e r  ' 0  induce a residJa: f l u x  
aer.sity. 
2°C rPsirli;a: I. ;-K aef.sirv indy 3'2 idiLr'a 0. 

- 7  
 am^ ?r r~c t -s . ;  15 ~ ~ 5 0  k n o w n  a s  perming, 

.- - . 
i t  ~ *.. 

hlag 1.1 L 1 i;g FL) i c e 

See cr,.i,e r l\!agl:etlc F r e l d  I r . e t ~ , i t y .  

It1 a 5 r, e t: z 3: 1 n s t 2:- li 1 : *;, 

MagnrLiLa:icn s a b i i i t j -  r e i e r s  10 t h e  ~er ider .cy  for a s u n p l e  to 
retain both magr,i:.;de and d i r  estion of magnetization 
Tinder vary:?:! magnetic acd physicai  conditions such  

magnetic iield. --llso cai ied ?erm stability. 
. as vibr.itior., ch.inging temperature, and vary1r.g 

. 9 Magnetometer, F l a  Gate: 
. *  . . . . .  

See under F l u  Ga te  Magnetometer. 

Magnetometer, Metastable Heiium. 

See under hietastable FIeli-in M.igrir?ometer. 

M a ~ ~ e t o m e t e r ,  P r o t o n  P r  i ~ c  e J  > : o T ; :  

- .. - .. 

(7ni-rx,:~.~ 7 :  rre ;rc,*,;~- 3 r ~ .  t3j :on magr,etomerer is based  a n  
t?,e p r e C e s s : D z ?  <jr Sy- ra t i cn ,  rrequencv of p ro 'dns  In a 
sdinpie 01 di>t,:!ied w a : ~ i -  (d r  J ..-onven;ent hydroc Arbon). 
This frequency is direct iy  proportional to the total 
tncignet1.- tield :r, pract ice ,  a =trong PoiariZinS x e l d  
is applied to the sensor .  When the f ie ld is switched oif, 
rhe protori precession irec+ency is measured  with a 
coGnter . 

Magnetomete r, Rubidium Vapor: 

See Gnder Rubidium Vapor Magnetometer. 

,Vag net ome t e r , T 3 r que. 

See under Torque Magnetometer. 

Magnetometer, Total Field: 



!.4aximam F!lis D e n s i t y :  B 
:? 1 



prGpur;:ucal I C  the inttxns:tv o i  the total  magnetic field.  
SOTE:  A metas tab ie  hellurn magnetometer which yields 
vector field data has been developed f o r  low f ie ld  ( space)  
measurements .  It should not be confused with the : 

above device. ---!a 
, :- 

Mutual Inductance: M 

Netic: 

henry (RMKS); abhenry (CGS-EMU) 

If two circui ts  a r e  induc tivelv coiipled, the mutual induction 
( o r  coefiicient oi mutual Induction) Af, i s  defined as the 
rat io  of the induces e l e c t r ~ m o t i v e  force, e 2 ,  ;n one 
C i r c U l ’ L  io the rn:e o i  c h a x g ~  O L  carren:,cll  I dt, 
other .  

in :he 

‘ 2  = -- 
d i l  i d t  e 

If e7 = 1 volt when d I l  / d t  = 1 amp!’sec, then M = 1 henry. 
The symbol, M, a scalar ,  should not be confused with 
the symbol for magnetization, fi, a vector. 

I 

Netic is a t r ade  name (Perfect ion Mica Co.) for  a medium 
.permeability, high saturat ion induction alloy. 
Manufacturer’s recommended application is for 
high- 1 eve1 magnetic shielding. 

Newton: 

! The newton is the unit of force in RMKS U c i t s .  

Xiiog rdm -mete I 
L 1 newton 

se::ond 

Normal Hys teres i s  Loop. -- 
2- 

- -*  
I A* ’q See under Hysteresis  Loop. 

Normal Magnetization Curve: 
- 7  . .%* If the t ips  of a se r i e s  of hys te res i s  loops of increasing size,  

obtained with different values of maximum field intensity 
(Hm), are Joined by a line, a normal  magnetization 
curve resul ts  (F igure  2- 1 la). NOTE: The normal  and 
initial magnetization curves  do not coincide, even if  
the i r  t rend  i s  generally the same.  

Oersted: (CGS-EMU) 

The oers ted  is the CGS unit of magnetic field intensity. If 
the field equation E = po (8 t 4 n f i )  is considered for 



a true ncnmagnetic medium in which the permeability 
(po) is tlnitv and the magnetization 1s zero,  :t 
becomes apparent that flux density (E) and ma, onetic i 

case, 

- 

*% field intensity (R) must be in equivalent units. In this 

"gauss" applied to both flux density and field intensity. 

.__ 
. *  
3.2 * 9 2 %  

the term "oersted" is  often dropped and the t e rm -a 

Paramag ne tic, Paramagnetism : 

In a paramagnetic substance each atom possesses an intrinsic 
magnetic dipole rpoment due to ur.?aireri_ e l e c t r o r :  s p i z s .  
Under the influence of a magnetic field these moments 
will line up parallel t o  tFie field resulting in a n e t  dipole 
moment per unit volume, o r  magnetization. T h s  r f iect  
of alignment i s  known as paramagnetism. 'Paramagnetic 
substances a re  characterized by srrsceptibilities, X 
in the range o e X m  < I ,  and are weakly attracted by a 
magnet. If this effect is stong, i. e., there a r e  x a r A y -  
unpaired spins, the material is called ferromagnetic. 

Peak Permeability: ..I 

See under Permeability ( 6 ) .  
*-. 

- ib 

r ,  
Perm: 

- *; 
E- 1 See under Magnetization (2)  and Residual Flux Density. -..A+. 
7 -* 

" . . C I  Perm Stability: *. 
,X' 

See under Magnetization Stability. 

Permanent Magnet: 

... 
- 3 .  

A permanent magnet is a sample capable of retainicg 
magnetization after the magr,etiz:ng field is remcveci. 
Materials used in permanent magnets are  character- 
ized by broad hysteresis ?oops (high-coercivity). 
Permanent magnets a re  also known as  hard magnets. 

Permeability : 

henrys 
meter (RMKS);  unitless (CGS-E,VU) 

Permeability is a general t e rm used to express various 
relationships between changes in magnetic flux density 
(E) and changes in magnetic field intensity (e) under 
specified conditions. 

Permeability of Free  Space: p,, 

. "  

1. 

The permeability of free spa.ce is a physical 
constant equal to the ratio of -1zl 
IEl 

to 
in a vacuum o r  in air (frie spa 



= 1 (CGS-EMU) 

The permeabrllty of f ree  space :s 

frequently called the magnetic constant 
and is represented by rm. 

2. Absolute Permeabili ty : 

! H i  
1 

The physical signiiicance of p i s  most obvious when - 
the CGS-ELMU sys tem is used in w h i c h B  
and fi a r e  in equivalent units such that, 
i n  free space, 

In paramagnetic mater ia l s  w h e r e  ii i s  
g rea t e r  than fi, p I ,  arid p 1 i n  
diamagnetic mater ia l s  in which 15 is 
l e s s  than H. In  ierromagnet ic  .materiais 

I I 

but is not constant fo r  changing magnetic 
‘conditions. 

- 
- - 

in which 3 is m;iii l a r g e r  :ha2 I. p < -  I .  

3. Relative Permeabili ty:  Unitless 
k. 

P r  

Relative permeabi l i ty  is defined ds the ratio of 
the permeabili ty of a material (p) to the 
permeabi l i ty  of f r e e  space (po) and is 
related to the magnetic susceptibllity 
(X,) by 

krn = 1 = ( I  t ‘im) (RMKS) 
% 

= (1  + 4 n  X m )  (CGS-EMU). 



4. 

5. 

6. 

7. 

8.  

. ,  The re la t ive  permeability of a ; i \ . e r ;  i ~ i ~ ; ~ ~ ~ i i 1  is 
the ratio of the i i u x  cicnsirl  art.>ciuL e:i 12 
that material by a aiver. L - a l w  oi 
magnetic field intensity to the flux 
density which would be produced in a i r  
(free space, where pLo = 1) .  The relative 
pe rmeabilities of paramagnetic materials 
a r e  greater than 1, and those  of dia- 
magnetic materials a r e  less t h z n  l .  
Materials with relative pe rGieaL1iitit: s 

greater than  aboct 4 2.r2 c:c:I:.<i(.It>r<:G 

ferromagnetic. 

!'io r n?d l P c  rrne a b  11 it)-: p i  

At any point on the normal rnagnetizaiior, curve 
oi a material, the n o r m a l  permeahiiity 
is  the ratio of the flux density ar-d field 
intensity values corresponding to t h t  
point. In other words, it is the slope of 
the line drawn through the o r i q i n  to t h e  
point on the normal magnetizatioE ccrve 
The normal permeability is also kr,own 
a s  the static permeability. 

Maximum 'permeability: plm 

The maximum permeability is the largest  value 
of the normal permeabilitv ohta ined  by 
varying the applied field intensity (M). 

- 

% Peak Pe rmeabilitv: 

T h e  peak permeability is the rztio ot t h e  val.ies 
of flu density a:id i izld ;n;rnsit-! ~ z t  the  
tip of a hysteresis loop o i  a syrnm?tri- 
cally and cyclically magnetized mate rial 
(Figure 2:Ila). It is less than the  
maximum pe rme ab ilit y . 

Differential Permeability: pd . 
The differential permeability is the absoiute 

value of the slope of a hysteresis loop at  
any point; 'i .  e., pd = dg/dfi. 

Incremental Permeability: p .A 

- .  
_. 

If a fixed value of magnetic field intensity (gj is 
changed by an increment f i e  the - 9- 

incremental permeability is the ratio of i; 



H; i. e . ,  

P 4  - - \ 
4fi 

. 
* +  

:- 
_.- xa 

_. 9. Effective Permeablllty : pe 

Effective petmeaS1l;ty is :he ratio o i  2 7 s  density 
t o  magnenc tield inte:;sity :or special 
ccnd3tiorAs which a re  r,ot otkerwisz 
d e i x e a .  F o r  instcixbce. 11 a ma7netic 
mater:dl is p ! a i ~ d  in 12 ilr-r::ating 
f i e 1 d Q f s LI I i c i e  it l y X 1 4 n i r e q L e n c -J , 
there may be appreciable skin eifect 
losses. The te rm 'effectlve permeability" 
would be useful in such circumstances. 
Effective permeabilltJ- is scme xmes  
us e d int e r c hange a51)- with inc r e me rit a1 
perrneabiirtv. 

Permeability Curve: 
* I  

A permeability curve i s  a pior of normal permeabll:t:;.(+lli 

A* . - r %  

. fo-r a given materlal versus f lux  density in the 'material 

Consideration of permeability curves is very important 
(Figure 1-9,. Section I, Origin of Magnetrc Effects). = .  

in selecting materials for magnetlc shielding. 

r. -. 
+ . 

.C 

Permeance:P,  A 

Permeance is a measare of the degree of ease wlth which  
magnetic flwc I S  prodcced A~ a rnaier ia l ,  Tr 1s the 
reciprocal of reiuit;n:e. 

Permeameter: - A permeameter is  a magnetic c1rcGt proTided with magnetiz- 
. ~ -  

-?- 
+ A d  

ing and test windings in which d test: specimen can be 
inserted as part of the magnetic circuit. Perrneamerers 
a re  used in  dc testing oi ferromagnetlc material3 to 
obtain data from which normal magnetization curves 
and hysteresis loops can be plotted, An example is the 
Fahy-Simplex permeameter used for testing w t h  

9 magnetic field intensities up to 300 oersteds. See also 
Section V, Measurement Methods. 

Physical Point: 

A physical point is a small but finite volume which is gener 
defined as being large enough to contain a few atoms 
It may be 10-25 meter3 o r  smaller. 



. * *  

-.v he re 

and 

fo r  flat ends, 

- 
bi = magnetization 

-4 = area of end 
- 

or ,  m o r e  genera l ly  

A unit CGS- E > l U  pole T>rnci::c es 
a field of 1 a e r a t e d  a: a 
d is tance  of 1 cr . .  

"?Jot t o  be s o ? i ~ - s e d  .**Ish d i p 1 2  - 
:noment m, . . V ~ I C - ~  ;s I s e c t o r  
(2-:;.L-e -1- ;. 

Potezt ia l ,  Xagne t l c :  !: ( sc - . - y . - !  

a m p e r e  - turns  { R L!K5 ) ; $1 I ge r t s  

a r  CGS units (CGS-EMU) 

The magnet ic  potential, ?: , 1s the 
magnetrc  analog of e l e c r r l i  
potential. I i  !7, is known. the  - 
magnetic field, if, will be 
given by 

G = - m ? ,  
This concept of a 5ca!dr 

potential fo r  a magnet ic  field 
is applicable only in  reg ions  
of zero current density. 

- 
igure 2-8.  Magnetic Poles of a Bar Magnet 



texts . 
- 1  

Rationalized Units : 
-+a r-*z 

A rationalized system of units is one i r  
i s  absorbed in  the permeability, p, a A A u  

constant, E ,  so that this factor of 47 +oLd ..-.- 
1 *.- , _ _  *L, r. , - ,nr7+'r,n-  

alized MKS system ana c t l l  x 

MKS system (RMKS). 
IU  



where 

7 is t h e  cur ren t  density. 

In the unrationalized CGS clectrostati;,  ',:I> "4  .L* 

b e c TP s 

Relative Permeabili ty : 

See under Permeabili ty ( 3 ) .  

Reluctance: 3 

ampe re -turn ?i!bert 
( Rh4 K5 ) ; CGS - 2 1 ! :: ; . 

weber maxwell 
- 1  Reluctance is a measure  of the d i f f i cu l ty  *- i :h '6 ;-. :;i=(;~.e:;s 

f l u  is produced is a circuit ,  1. e., t!le L J ? ~ . I S ~ ~ - J ~ I  

offered by a mater ia l  to magnetic iiwc, T h i s  is ;ne 

magnetic equivalent of res i s tance  in an e l e c t r ~ r a l  
circuit. For a magnetic c i r c G t  element of lengtl-. l! 
flux*, and field i?, the re luc tance ,s  

II 

is 

Gip x= - 
or, i f  A is the c ross -sec t iona i  area o i  the  eieme:.t , < r d  
p is its pe rmedh i i i t y  

Reluctivity - v 

m e t e r  
hecry JRMKS) ,  unitless (CGS-EMG'I , 

Reliictivity, or specific reluctance, is tnc i-ec ipruca! u: L ! I ~  

absolute permeability (p.). 

Remanence: M,, 

{RhlKS) ,  oer s t ed  (CGS-EMC) arnpe r e  - turn 
matar 
1 1 L G 1  C L  . _. 

. a  

If a magnetic field intensity sufficiently strong to produce 



NOTE: XIost  t e x t s  e r r o n e o u s l y  state or : ~ . ~ l y  t h a t  
remanerice re fers  to a n a i s  the 3dl-e as r e t en t lv l ty .  
Many texts fali to make clear t h a t  rezza.< 
defined only for a materia! whit h has  Seer, magr ,e t ized 
to sa tura t~on. .  It is impor t an t  to nDte these e r r o r s  in  
usage. See  alst3 Retent1b1ty and. Figure  2-1 lb.  , . 

ner,r.e is 

- 

Res idua l  F l u  Denslty: B, 

- - B 7 ;A (E + G )  ( R 1 ; K S )  .”? - 
‘ 0  

- - and 
E - H - 4i7 -,; (CC-S-E:./!U} 

f o r  the  c*onditicn lc-here Lq = 0 and iG 1 = Mr, the . 
re s idual in dg n e  t i z at i c 11. T hu s 

Br = p,hlr (RMKS) 

= 47 !vir (CGS-EAlU). 

The reslch.a! iilix dens l ty  13 also known as the resjdllai  
induc tion. See also Figure  2- 1 la. 

Residual  Induction: 



Residual Magnetizatior,: Mr 

ampere-turn 
meter (RMKS); oersted (CGS-EMU) 

The residual magnetization is that value of magnetization 
(6) which remains in a ferromagnetic -ample after 
the applied magnetic field intensity (e)-has been 
reduced to zero. The magnitude of Mr  can be computed 
from the equations 

- 
B = p (E + GI) (RkfiCS) 

B = if + 47: 

for the condition in which fi = 0 and ]E 1 
residcal fl-ax densrty. Thus, 

3 - and 
(CGS-EMU) 

= Br, the 

(RMKS) B r  Mr = - 

(CGS-EMU). 
B r  - -  - 
47r 

Retentivity: B . 
r= . .  . . .  

weber .-L (RMKS); gauss (CGS-EMU) meter 

-~ 
- ... 

If a magnetic field intensity IFi) sufficiently strong to 
produce saturation is applied to a ferromagnetic 
matexal, :he value of the residual flux density ;vh:c!~ 
remains whez rhe  iieid IS rerroved is called the 
retentivity. The retentivity is thus the ma imurn  value 
of the residual flux density for a given material. The 
magnitude of the retentivity can be computed from the 
equations 

= po (g +fi) (RMKS) 

- and 
B = + 4 A  fi (CGS-EMU) 

for the condition where fi = 0 and lG 1 
remanence of the material. Thus, 

= MrS, , 

B rs =CLOMIS (RMKS) 



r 

See undc r Saturat:c?r, Fhx  Der.sity. 

Satu ra t i on  54aqnetic: F i e ld  icterisity: H, 

- .  

The satoration magnetization is the  val\le of Ifi ! correspczci-  
ing  to B 
loop and is the maximum value of magne t i za t r  >:I fo: the 
material. F o r  increasiqg valces of magfietic f i e ld  
:nter,si:v o e v ~ , n d  W,. thla mccnet iz ,a t ion reIr,d::-.s c . :  s:'~T,L 

and H, at the tip of a saturation hys te re s i s  
S 

2 -  - 
at &vS. All fur ther  increase in  f lux  density : s  ther2fol-e 
a l inear  function of f i e l d  intensity.  



. .  . - '  . 

. .  

S ~ i i  in2  ;c-tar.l e: L 

n t 2 n t - L  ( R l l K S j ;  dbP.enr-y (c.tZS-iZ?vlLj 

The self-inductance, L, of a coil, or  a t h e r  such  indurtive 
element ,  is defined a s  the ratio o i  the e lec t romot ive  
force,  e, developed ac ros s  the coil to the rate oE 
char ,ge of c u r r e n t  ir. t h e  coi: ; i. e.. 

e L = - - -  
d! c!t - 

... 

Sta t  i c Pe r me a bi 1 i t  y : 

See under Permeabi l i ty  (4). 

Susceptibil i ty:  X k U n i t  le 5 5 
- J C  

S.Jsceptibilit\; is  defined A S  t h e  - r z t i o  , ' I  ~ d y n z ! 1 7 a t : o r ~  3 o f  a 
materiai to  applied t i ( : i c i  H: 1. <'. , A 
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e 

F 

I-! 

- 
H 

I 

I 
- 

Area 

Electromotive force 

. Electr ic  field intensity 

Electromotive f o r c e  

lf a g n e t.2 mo t 1 ve : o r c e 

C2ercive force 



. .  .I 

Svmbol 

mP 
m 
- 
n 

n 
- 

P 
pm 
P 

- 

0 
' R  

S 

T 

Tc 

Y 

c 
9 

E 

E 
0 

I9 

I' 

% 

Quanti tv  

Inductance 

Length 

Mutual inductance 

Remanence 

Re s idual ma gne t iza t ion 

Magnetization 

Magnetization ( ' ! t  = pa ) 

Magnetic pole s t rength 

Magnetic dipole moment 

Number of i t ems  

Unit vector 

Electr ic  polarization 

Magnetic dipole moment (p, = porn) 

Permeance  

- - 

Electr ic  charge 

Reiuctance 

Skin depth 

Temperature  

Curie temperature  

Magnetic field s t rength 

Vector operator  

Permitt ivity of mater ia l  

Permitt ivity of free space 

Angle 

Permeabili ty of ma te r i a l  

Permeabi l i ty  of free space 

Reluctivity 

3. 14159 

.k P Charge density : r e  si s t ivi ty 

Magnetic flux 



Symbol 

d 
V 
“ m  
s-i 

r m  
11 

Quantitv 

Ar. 3 1 e ,  e 1 e c t r c stat i c pot e nt i ai 

Magnetic susceptibility 

Magnetic scalar potential 

Magnetic constant 

Pc r m 5 an c e 

<.? I; 



SECTION iiT 

: U N I T  SYSTEMS AlUD CC)NVERSiGN TAI3LE.S 

-4. INTRODUCTION 

The problem of units is one o i  t h e  m o s t  ~ Y T ~ S I K ~  and trqi-'S;esome a r r a s  
encountered in  a study oi magnetism r n a ~ ; r ~ ; : . ~  ~ h e ~ o r . e ~ ~ .  3cte,-z-. :~ac:~n 
of the te rmira logv  used in magnetism nas 'p- U P P E  :E d S T a t e '  01 trar-sit ion ;or  
many years ,  and it does not appear tha t  the proolem w l l  soon oe set:led 
to  the mutual satistaction oi ali concerneci. C r o o s e  a hai l -dozer!  D O O K ?  o r  
ar:icles a t  racdom a d  a diii;trc.nE , j 3 : : :x  ,i . - ~ : - : - s x  l ~ - a y  be :dA-:: .;. 
Sut all have something in their  f a v o r .  XLfsnv zithers r e c ~ q x i z ?  t h e  iac: ;:",a;, 
no ma t t e r  w5ich sys tem they adopt for their own works ,  the rezder  w o d d  
c e r t a i d y  encounter different syster?.s ~f .:niia -3 o the r  r t f e r e q i e s .  
Droblem is  ix r tker  compouzded b;.- :ne ? ~ ~ : : e : ~ ~ z ~ t i a ~  

- i 1. ..t 
, s a ~ e  Ji c!:::er.=Tz Z -  - = c - = ~ -  -...3 

by physicists, power engineers,  electronics engineers,  and ;has? workn ;  :n 

geomagnetics. Standards committees ai the proiessional societ:es of tkese 
zroups each p ra i se  the merits of their p re fe r r ed  system. 

I We cannot hope to resolve this situation in this handbook, nor will a 
;>reference b e  given fo r  any one system. However, since a choice must be 
made, all terms have been giveii i n  both rationalized meter-ki logram-second . . 
(RMKS) units and in unrationaiized cent imeter  -gram- second electromagnetic 

for r easons  to  be  discussed in  the next section. - 1  

(CGS-EMU) units. The formulas  a r e  Riven exclusively in the CGS-EMC sys tem 
' ... - 1  

-4. 

B. HISTORICAL DEVELOPMENT O F  'L'XITS SYSTEMS* 

Although observations oi e1ectros:a::c phenomena date S a c k  to  the time of 
I 

Homer, the first recorded scirnti1;i: st>,c!-.- of m a g x i i s m  did :or ~ C C ' U ~  .,?tii 
the 16th century. when Giibert  btLQleC iric i o r c e a  clue 10 permiir;?i:t i r . agnz~3 .  

fo rces  between s ta t ic  charges  andmagnet ic  poies both obeyed the i cve r se -  

unit sys t em of c lass ica i  mechanics. 

I 

I Electro-magnet ism was  born when Coulomb, in i789,  demonstrated that the 
I 

I 

I square  law. At that t ime it is likely that his work was  reported in the existin; 

The re  a r e  no fundamental constants inherent in the mathematical  theories  
of c lass ica l  mechanics. If a mass- length- t ime (MLT) sys tem of units i s  chosen, 
it can be proved that all physical laws in c l a s s i ca l  mechanics  "scale" perfectly 
f o r  any change in parameters over  an a r b i t r a r y  range of magnitudes. Such a 
sys t em is still used in  quantum mechanical calculations by defining the velocity 

. 

- 

* 
r *  

: 
Two of the be t te r  discussions on this subject a r e  contained in  Pr inc ip les  

of Electr ic i ty  by Pugh and Pugh (Reference 2) and Electromagnetic Theory by 
. Stratton (Reference 7). . II .1 



, , -  - . .  , 
- ~ .  
L . 1.1. ,-- : :' i > / _ I  

, .  1: , i t  ::I -v..?.i-ui,~i, t-, a:i 312~c-. 3 <-za::i2x-, i-., :.: 
. ,  

- 2  l::i~v;n 2 s  . - i ~ t ~ d i - : - l  S:;~[?A?: of ~.:ni:: a::& 15 ,I :I:, . y t - , ~  !:< : ; . , , ; A - a - L  I . . i , ;z  
-I 

sciei;J l o r  its h i s t o r l c d  -;due. 

Electrorna Inztic theory differs f rom c l a s s i c d  mechanics by the fact that ' ih3 velocity oi light in vacuum appears as a funda3enral constant of the theory 
and cannot be se t  equal to unity. This leaves two possibilities: a constant in 
one of the equations relating mechanic21 ( M L T )  and electromarJnetic qiiantitles 
can a rb i t r a r i l y  be se t  equal to unity, or ,  if this is not done, ono oi th-. 
2iectr ical  units may be arbitrari!). c h o s e n  2nd as,-iz,ncd 3 < i ~ ~ ~ - ~ ~ . ~ i ~ ~ .  TZ-. 
~ ~ c ~ ~ c - ~ l ~ ~ r ~ - ~ : ~ - - ~ ~ ~  ::islC;s a r ~ u r ~ c i i r r r z r , s i o r , a l  syster;: o: '::i::s -:;:ASS, 

time, and an electr ical  unit. 

. ,  . _ _ f  

lc.;;, 1;:. 

.. . . . .  . CS~IOIXS 'S  diacJvery made p o ~ s l b l t l  tile 2 k : . l A - c ~  ilc' , cid?::>~-:-.t si :;.~f .;iit's 
si eizctrostat ics  and magnetostatics in the 19th c e r - t u r y .  

scient is ts  sought to relate these laws to the fundamental dimensions of znech- 
anics  with an "absolute" sys t em of units, ofie ir, wh ich  ?..-cry (3-antity may 132 
ex?ressed  in t e r m s  oi mass, l e c z t h ,  azd ::me. I n  searc?.:ng i o r  3 sir,;le 
sys t em of units which could properly be called "the absoluce system, " scient is ts  
had developed a number of sys tems al l  based OR the centimeter,  gram, and 
second as units of length, mass, and time. Having established such a C'S 
sys t em for  use  in mechanics, they se t  about extending this sy-stem to the more  
recently discovered laws of e lectrostat ics  and magnetostatics.  It was soan 
real ized that two different sys tems were emerginz,  each .of which had zqually 
good c la ims  to  the term "absolute. 

Oui-ir,z :his s;-:rid?c 

- 

. .  . .  e .  

Maxwell's field equations .yielded the relationship 

w h e r e  E i s  t h o  dielcctrrc cG3csta.nt o r  i )c rn i i t t iv i ty  ui a vdk iA,im 11: 16. 

stzt ic  equations and u 
P r e c i s e  measurements  showed that when experiments  w e r e  SJnd-lcted 111 dny 

had been chosen equal to unity in the "natural" CCS s);..te:ni, :h-. abovz 
relationship was satisfied by a rb i t ra r i ly  choosine Eo znd po = 1 i n  a vacuum. 
This led to the use  of a centimeter-gram-second-eiectrosratic unit (CCS-ZSV) 
sys t em f o r  e lectrostat ics  and a cent imeter-gram- second-electromagnetic 
unit (CGS-EMU) sys t em for magnetostatics. When the speed of light was 
experimentally determined as approximately 3 x l o 1  
it was no longer possible to s e t  both eo and p, = 1 in any one unit system. Most 
textbooks writ ten before World W a r  11 therefore  used one sys tem for e lec t ro-  
s ta t ics  and the o ther  sys tem for electromagnetics,  despite the fact  that  units 
of the same  quantity are not of the same magnltude in the two systems.  

0 is the p,-rmeability of a vacuum in m & a r ~ ~ o < ~ - L ~ - <  3 .  

0 

e ,  medium other than a vacuum, the resul ts  depended upon th i s  media%. Since c r.4 

-2; 

cent imeters  p e r  second, 

Originally, no names  were  assigned for u n i t s  e i ther  in the CGS-ESU o r  
the CGS-EMU. This was probably due to  the fact that each  was considered to b 
an absolute sys t em of fundamental dimensions. To fur ther  compound the 



. 

problem, the e lec t r ic  power industry adopted a third (and so.mewhat mociiled) 
CGS sys tem in the la t te r  par t  of the 19th century. The sys tem they adopted 
was called the "practical" sys tem because the magnltudes of the varicjus units 
were  selected to  be m o r e  useful in the pract ical  problems of the day thar  were 
the CGS units used by' scientists.  

the units in each  of the CGS systems. Because the pract ical  units w e r e  
obtained by multiplying the corresponding units in t5e CGS-EMV sirstern by 
powers of ten, the CCS-EMU system was considered to be the  a5sai.dte 
s);stem, whose units shouid be the absolute axxpere, the absoiate c~bm, the 
absolute volt, etc. The names actually c h a s e ~  azd ~ s e c  :or :Lese ~ L L P . L : : ~ S  

in the CGS-EMU were the practical  units w i t h  t h e  ?refix zb, 1. e . ,  ? S a r . ? e r e ,  
abvolt, abohm, etc.  The prefix stat ( for  e lectrostat ic)  was used to identify 
the CGS-ESU units in  a similar manner, yielding s ta tampere,  statvolt, 
statohm, etc. 

. 

Some of the confusion was removed in the 1 9 3 0 ' s  by assigning names to 

? -  

- 
- 

Still another CGS sys tem came about th rough  2 sugges tLon  5;; C - ~ L S S  
which permit ted the combination of the CGS-Z,lfU and CGS-ESU sys:err.-s into 
one system. The Gaussian sys tem of units is obtained by usino, the electr ical  
quantit ies f r o m  the CGS-ESU system and the magnetic quar,tities f rom The 
CGS-EMU system. This sys tem is now the one most  commoniy used in studies 
of theoret ical  physics. 

A fu r the r  refinement of the Gaussian sys tem results in the Heavisi-de- 
Lorentz  system. This refinement, called rationalization. involves the substitu-. 
tion of the expression fo r  the area of a sphere,  4 K  rz, for the r 2  term in the 
denominator of the equations of Coulomb's l aw  and of the Biot-Savart l a w  for 
the field of an arbitrary- conductor of differential length (dH = I d l  s in  @'cr2. 
in the Gaussian system).  The object of rationalization is to t ransfer  the fac tor  
47 f r o m  l inea r  equations to those having c i r cu la r  symmetry.  While a t  first 
glance this may  s e e m  to make some equations =.ore compi:crr:ed, i t  ? o e s  
remove the fac tor  47 f r o m  many frequent!); x e d  eq..iations, T h i s  De-+-elop.ment 
was important because it lead to a systerri, of rationalized r a the r  than anration- 
alized meter-ki logram-second units. 

In 1901, Giorgi followed up a n  idea of Maxwell 's by calling attention to 
the fac t  that  the "practical" sys tem could be converted into an  absolute system 
by an appropriate  choice of fundamental units. He suggested the international 
meter, the kilogram. and the second, and, as a fourth quantity,any e lec t r ica l  
quantity f r o m  the practical sys t em such as the coulomb, the ampere,  o r  the 
ohm. Such a system is called an  MKS system. The derived quantities of such a 
sys t em have the same relationship to each  other  as those of the "practical" 
sys t em and may, therefore,  be expressed  i n  prac t iza l  units. In par t icular ,  it ' -i 

was found that  p must have the value 4.n x 10-7 henr ies  p e r  meter .  eo is then 5 

computed f rom t%e relationship between c, E A ,  and pA given ea r l i e r .  - - 
In Junk 1935, the International Electrotechnical Commission (IEC) 



ai; The fourti1 ciii;-ie::sioli. 
5ys:ern. It  shocld b e  nTentioncd iii passing :hat an unratior,ciiized ? k l I < S  s i  <:<';:i 
does exist but i s  ve ry  seldom ased. As c o m m o d y  used, the CGS-EMU arid 

The r z s z l t  is the  widcly-used rziti4yxali,ze:j .; (i<:.lKS) .~ 

. .  
' ..>e - z .  CGS-ESU svs tems a r e  always unrationalized. The CGS-ESU sys tem i s  of l i t t i t  . __  ,. 

importance in the a r e a  of magnetic measurements  and will not be disc;issed .>,A. 

. .  - ,  
- *  fu r the r  in  this handbook. 

The re  i s  cons:derable feeling a t  present  that the rationalized MKS 
sys t em will eventually receive world-wide adoptron. It is a l ready -.videi-: ist-ci 
in milch sc ien t i f ic  l i terature .  
recommend adoption. Many o f  :he ur i i ts  D f  the RbiKS sys?eiri h a v e  tne  
"prac t ical" s v s t o n i  niinies w,::? wn:c~i~ K : ) ~ . , $ L  i -ny ineers  dye i ' x n i i i s - r .  Tc.;,: 

of eiectrornagnetic theory. -4nci f m J i y ,  t he  RMKS s y s t e i x  rcz>s\.'cs ti:: 
ambiguity between units of f l u x  density ( E )  and field intensity (3) in the 
CGS-EMU sys tem caused by !c:::n~ t f , e  permeabili ty ( U )  be eq\ial tn x ~ . - t - ; .  

In a r e a s  of h igh- i ie ld  rr.agnet?c studies such  a s  t ransformer  dq?s:;c, ant- 

will find both the RMKS and CGS-EMU sys tems used in the l i terature .  1 i -e  
a r e a  of low-field magnetic studies such as electronic  componerit and mater ia l  
magnet ism measurements ,  however, has  evolved pr imar i iy  i r u m  the sciei:ce 
of geomagnetics. The l i t e ra ture  in  t h i s  field uses  the CGS-EMU systeir? alinosl 
exclusively, w t h  formulas  and resul ts  being given in t e r m s  of ?ammas  zr?d CGS 
units. These units a r e  much m o r e  convenient in low-field-work than r n i C r G -  
ampere - tu rns  pe r  meter o r  weber-meters,  although these RMKS units could 
be-Gseii. For.  these reasons,  the formdas in Section IV have been given i n  the  
CGS-EMU system. The conversion tables which follow will permit  the readqr  
to convert  his  r e su l t s  to R M K S  i i  this i s  desirable  o r  necessary .  

m Lhere is c e r t a i n i y  a g r e a t  dezi i n  i:s fa>-,-, r ~~3 

:: *'-.I* 

?,?.!KS system, prp,.i:?L's i-'>:-~A2:2rp.!-:.,- =:-:?l-:;l-3t:,JE . -. :r, :-.iy-,- 2: :7'2 

. .  . .  
-. - 

C. USE O F  THE CONVERSION TABLES i, 

There  a r e  near ly  a s  m a n y  ways LLD s e t  x? convers:on -AD!.CS .As ;r.tar:: ;:TY 

m i t  systems.  Many of the tables tend to cdustj m b r t  c ~ . L i ; 5 A d l ?  : r i d l r  

eliminate.  The following tables a r e  provided as an aid to rapid conver5:on 
between the two unit sys tems most  commonly used in studies of magrietir 
effects. The tables a r e  constructed so that the r eade r  need od;: perform 7 

multiplication to convert  a quantity in one sys t em to an  equivalent qccintity . n  
the other. Note: The re  is an apparent contradiction in the conversior, facLC-s  
between RMKS and CGS-EMU units for  magnetic field intensity (g )  and 
magRetization (M). F o r  g, 1 a m p e r e - t u r d m e t e r  (RMKS) = 4r x 
(CGS-EMU),while f o r  G, 1 ampere - tu rn /me te r  = 10-3 oe r s t ed  (CGS-EMU). 
This anomaly arises f r o m  the fact  tha t  the RMKS is a rationalized sys t em 
whereas  the CGS-EMU is a n  ynra t i  onal ized system. Since i5 = po (G + GI) i n  
the RMKS sys tem and E = Ti t 47 G i n  the CGS-EMU system, we mus t  re ta in  
the difference in  conversion fac tors  to retair, the definition of &I and rLot ccnfilsjc 
it-with 4T 6 (the intr insic  induction). This  problem might become significant 
i n  a detailed study of ferromagnet ic  proper t ies  of mate r i a l s  but should cause 
no difficulty f o r  m o r e  common low-field design and measurement  problems. 
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Figure  4- 1.  Ct1rren.t Convent ion  



U n l e s s  o1nerts lse  xio;ed, ai l  i o r m u l a s  apply t o  a nonmagnetic med iu r -  
i n  which  the pertneab1llty u = p o  = I (CGS-EXIL-). In s u c h  a medizm. flu... 
densi ty  (E) and f ie ld  intensity (H) a re  equal and may be used interchangeably 
in  a l l  equations. Examples a r e  worked out at the end of this section. 

A. INDEX 

Item - 
Area, Effective 

C i rcu la r  Coil 

-34ultilaye r Coil 

Rectangular Coil 

Dipole LMoment 

C i rcu la r  P la te  (rotating about d iameter )  

Coil 

Magnet (pole s t rength  known) 

Density, Flux (see Flux Density) 

Dipole F ie ld  Gradient  (see Gradient, Dipole F ie ld)  

Effective A r e a  ( see  Area ,Effective) 

Electromotive Force ,  Induced (EMF) 

Coil, Fixed (in varying f ie ld)  

Coil ( rotat ing about d iameter )  

F l u  Density 

A r b i t r a r y  Conduc to r 

Coil. Fanselau 

Coil (on axis) 

Solenoid (on ax i s )  

Straight Conductor 

Gradient,  Dipole F ie ld  

Angular 

Radial 

,LI a g ne ti z a t i o n 
i 

..T* 

c .Magnet of known moment 
4 

Masnet  of known pole s t rength  

Page  

4- 3 

4- 3 

4-4 

4-4  

4-4 

4 - 5  

4-4  

4 - 6  

4-6 

4 -7  

4- 6 

4- 7 

4 - 1 3  

4 -9  

4-7 

4- 7 

4-11 

4-12 

4- 14 

4-15  

55. . 
C... 

. -. 
. .-_ 

4- 14 

4-16 



.. 
L ' .  

Iter,1 

P u l e  S t r eng th  

Magnetized B a r  (constant cross - secti(>r!) 

Right-Hand Rule  

W i r e  

c01: 
H u i r ,  Right -Hancl  ( jet I : i * ; t - t  . f i i i l . c ~  l < i I i  1 

s r r e n q t h ,  Pole (set> t - ' r ) i c>  Srt-t-r-.CJt P 1 

-1 R E A, EFFEC'TIS'E 

1. Coil  ( C i r c u l a r ,  . L I ~ , l i i i a y c i - ) ,  b ' : ~  irt i 2 

P.12 ti 
.- 

a. Symbols: 

Aefi -Ef ie i : ivc  , irz- i  I l i ,  , , I  

r 1 -1riterriai r a d i u s  ( ~ i  c , , . I  

rZ -Ex tc rna l  raditis d t [ - A I ! .  

b. For r l  and r2  in c e n t i m e t e r s ,  

F o r  r l  and 12 in inches ,  A,.f is i n  ( I T , ) :  

1s i , i  ( t  ~ 1 ) ~  

16297 

- Figure 4-2. Circular (:oil 



( B - 2 -  i i 

- .a .e i f -~ffect ive area of co i l  

i - C o I i c u r I en t ( amp e r e s ) 

, ZI j -Magnit::de of dipole momerLt ( C G S  un::sl 
- 

n-. 

b. =or Aeff 

= O r  Aeff C .  

umber 3f t u rns  on coil. 

n (ern)' 

j = 0.1 n I Aeff (CGS units) .  ( C - ! - l )  

n (in12 

i = 0.64511 I Aeff (CGS units) .  (C- 1-2)  

- .  
-..L . 

.. , 
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Figure  4-4. Dipole Moment oi C i r c u l a z  
Piate Rotat ing in a Magnet ic  F i e l d  

L .  

.t 
C .  For A in d in i n c h e s  

XOTE: 
-46 .- - 

( 1 )  The  dipole .T.oment of a mcta! p;,ite i * ~ : ~ t : - ~ - -  i .- 
static magnetic field 15 uue to eddy c a r r e n i >  i : - r i : . c ~ ~ !  

in the plate. 
is  homogeneous and of uniform :k:ci:ne s s .  

These eq\l i i t ions a s s ~ i i i e  That . \ . t :  :>iare 

( 2 )  Equations C-2-1  and C - 2 - 2  are equal ly  i .al id Cor a 
rectangular plate of length  P , width w, and thickness 
rotating about an axis of symmetry. In this case,  rhe 
area A = P u. 
T h e  d i r ec t ion  ~i the m o m e n t  II? 1s aix,avs : ? c ) F r x z i  t s  the 

- 
( 3 )  
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Figure 4 - 7  Fixed Coil 
in Varying Field . -r 

a.  Symbols 

-4cfl-Eifec.tive area 
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Figure 4- 10. Fanselau Coil, 
Side View 

(2 )  A l l  coils 2re  connec ted  se r ies  -aidinq. - 

( 3 )  Formulas  a r e  !or free spai-e where A z ; ((:~5.5-L:\x\. - -  
T h e r e f o r e ,  B = 5. 

...- . 
, .. -. 
*L 

,.. 

, . ._. 

. .i 

5 
= 1.23683 x l o 5  nI (gammas). 10 n I  

= 0 . 8 0 8 5 2  r, = I  
(E- 3 - 2 )  
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. t f  

8 -  

.B ; ;*  = E ,  sin 0 

- 
2 .  Solenoid  (on axis), Figare  4 -  1 2  

a .  S)-mbois 

1-Solenoid cur ren t  ( a m p e r e s )  

E -Solenoid l e n g t h  

n-Number of turns on solenoid 

o, Z-Ar,l;les s h o w n  on Fi2ure  4-12.  
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DIPOLE t 

16309 
~~ 

Figure 4- 15. Dipole Fieid Grad ien t  
a. Symbols 

- 
B f3 - Ang u l a  r c o m po ne r, t 

of B ( p e r p e n d i c u l a r  
to  r )  (gammas) - 

B -Radia l  component of B (along r )  (gammas) 

B-To ta l  flilx dens i ty  at point P due to IT; (gammas)  

m-Dipole moment (CCS-un i t s )  

r-Distafice from rlipole to  point P. 

r - 
- 

0. F o r  r in  c e n t i m e t e r s  

-.I -. 

\ 

( F - I - i )  



r3 r in. 

a. Sym'oois as in ia. 

b. For r in c e n t i m e t e r s  

. .- 

(>'-.:- 3 !  
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G. MAGNETIZATION: 

- - 
1. Magnet of Known blor?,er,t ( m ) ,  2 1gLre  4 -  .o 

a. Symbols 

A - A r e a  of end of magnet 

P -Length of magne t  

;-Magnitude of dipole moment  magnet (CGS units J 

s- Magnetization (oe r s ted).  

. 

\ 

2 

m 
P A  

b. F o r  A in  (cm) , p in cent imeters  - 
i M j =  - (oers ted) .  

7 

C. F o r  A iri (in. )-, 11 i n  . . ;~ l i t - s  

- 
- 2  , m ,  

€ A  
I G ,  = 6 . 1 1  x :o - (oe rs tea) .  

2. Magnet of Known Pole Strength, m 
P 

a. Symbols 

m -Pole strength (CGS uni ts)  

Others  as in  G1. 
P . 

-=,. . .. 
,~ . 

(G-  1 -  ! )  

( C i - ! - ? )  

b. 2 For A in  (cm) 



..by. 

(CGS mits) .  

r 
1. R IC H ‘r - EA K D R U L E 

T h e  r i g h t  h a n d  rl.iIe w.ay be used to deteriri ine the c1irc.c t i o n  :,r the 
ma2net ic  field of a wire  or coil in the followine nianiier.  

. -  

I. I W i r e  (E’lgure 4-  18) 
% 

* - J  

Grasp the  wire in  the rip.ht hand so that the  thumb points i n  s 
+P 

.. the direction of positive (positive electrode to negative electrode) current flow. 3 



' 5 3 1 2  

n 

. .  

1 6 3 1 3  

.. . 



. .  

7 Coil ( F i g u r e  4 - 1 9 )  
L.  

Grasp the c o i l  so  that the f ingers  point in the direction of positive 
6 ,  -.* cur ren t  flow. The thumb will indicate the direction of E ( o r  fi). 
-. >> 
+i 

-- J. EXAMPLENO. 1 

I _  . _- Formulas  involved: 

a. Effective a r e a  of coil 

b. Dipole moment of coil 

c* Flux density due to dipole 

d. Helmholtz coil f l u x  density 

e. Right-hand rule. 

-4 coil with specifications given below is energized by a d i rec t  cu r ren t  
of 1 ampere .  It is  necessa ry  to buck out (apply an opposing fieid) the field 
of this  coil at a point P which is 100 cm f rom the center  of the coil and 70 
deg rees  off the coil axis. This is to  be done with a Helmholtz coil a r r a y  
with specifications below. I t  is necessary  to compute the orientation and 
coil cu r ren t  fo r  the Helmholtz coils so that  their  flux density i5h will be the 
same magnitude as the flux density gc  due to the cbil, but in  the opposite 
-direction; i, e., Bg = - f3, (F igure  4-20). 

- 

1. Coil Specifications 

r = Internal radius = 1 cent imeter  

r2  = External  radius = 5 cent imeters  
1 

IC = Coil cur ren t  = 1 ampere 

n = Number of t rsrns  on coil = 1300 turns  
, 

- 
B = Flux density due to coil. ", ' 
C 

-gw 
4.P 

--% "* --:I 2. Helmholtz Coil Specifications 

*&TI rh = Radius of Helmholtz coil = 3 cent imeters  
"* * 

nh = Number of turns  per coil = 100 turns  

ish = FIUX density due to Helmholtz coil  (gammas)  

Ih = Helmholtz coil current (amperes). 

First. the dipole moment 6 of the coil must be computed from the 
coi l ' s  effective area, Aeff. and the coil cu r ren t  I,, F r o m  the coil dipole 
moment, the magnitude and direction of the flux density gc at P may be 
calculated. This will determine. the orientation and current for the He1 



a. Compute A,if 

A,ff = - lr (r12 + r,2 i r l  '2). 
3 - 

Substituting f o r  

- 
b. Compute i :TI 

' - 1  Imi = G. i n ic Aef f  (CGS units) .  

Substituting for  A, i , -\,if c 

( B -  1 -  I )  

\L -  * - - I 

= 0. 1 (1000) ( 1 )  ( 3 2 .  5 )  = 3 2 5 0  (CGS un i t s ) .  

c .  Compute IB 1 at P 

IEi - , s ' - d l  - + 3 c o s z  6 x IO5 (gammas). ( 2 - 4 - 3 )  
h 

Substituting for a rh' and 6 (=  70") 

vi 1 + 3 cos 2 70' = 3250 - mx 105 lis1 =105- 3250 

100 l o6  

d. Compute 4 and CY . 
1 9 = tan-l ( 2  tan 6 ) .  

Substituting 8 = 70' 

' 4  = tan-'( 4 tan 70.1 

= 54. 1 degrees 

1 = tan- (2q) = t a n  - 1  ( 1 . 3 8 )  

* .  .. 



Lr, cons ide r ing  oniy  the acute  angle, 180" - L?, be'wecrr, t ke  ::ail asis ar.a 
.' L.m :jclmi-.oiLz co i l  axis: 

. 

- .  

- 3(377) 
4 

100 (8.98 x 10 ) 
I h  

- - ,  . .  

1 ,  

L a  A .  - G  ,% 1 3 - 1  amperes .  Tke d:rect:on O i  tllis cu r ren :  15 <22L:rr; l :- 'ed ;v tile 

K. EXAMPLENO. 2 
1. 

Formula involved: B e  component of dipole iield. 

I: :s ciesireci t o  d e t z r m i p e  the m a g n e t i c  d:pole morneFt c)f an asic?!lv 

* ~ area using a magnetomete> with -a strip chart recorder readout. The . 
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---- 
!r ;;n t , h , a  tx>;ne+ometer abr.ut 2 1;r.e ?crper.ciicu!ar t:, :he seca:::T.-cJ i?.:: >I tt,e 

i or1 pL)nt*nt  0 1  the magnet  alte rnbie:\l adding t o  and subtracting i r o m  tr:e edrch':; 
f ie ld .  The peak-to-peak s ignal  due to the magnet will be twice the Bfi componc 
rhus, f o r  a 1 zami.na peak-to-peak signal. Bcl = 0. 5 gamma.  The magnitude 
of the Bo component is given by Equation E-4-4. 

1, ..~.~z*::~a:xe:t~r as shown ill F:Sl;re 4-21.  T::e magnetometer  n o ~ c  - , r e p  rhc ?.? 

- 
sd  = t. 11 x ! q 3  1:' s in  0 (yammas) .  



This equation i s  now solved for r wher, 

Be = 0.5 gamma 

j i i 1  = 1000 CGS units 

8 = 90 degrees. 

Solving Equation E-4-4 for r with the above values: 

C 

r = 230 inches. 

Wi:h rhe calibration magnet rotating 230 inches from the magnetometer s e n s o r  
as shown in Figure 4-21, the magnetometer sensitivity i s  adjiisted t o  :r.d;catc 
a 1 gamma peak-to-peak reading on the recorder. TAhe chart trace wl i l  be 
sincsoidal, corresponding to the rotation of the  calibratim magnet. 

' 

2. Determination of Unkoown Dipole ,Mornsnt 
. -  
f ...*. 

_ .  The moment of'the unknown dipole may now be found by rotating 

*I_- 
the magnetized sample in a manner s imilar  to that in which the calibration 
magnet wile rotated but at a distance which wii give a convenient reading 

set so that the magnetlzed sample may be rotated as fa r  as possible from the 
magnetometer and still give an accurate reading. Suppose the unkcown dipole 

half this reading, o r  1.3 gamma. Sinc2 Bc, and r a re  known, the nagni tude  

. 
. .-._ 
3 v r *r 

* -  on the magnetometer chart. The sensitivity of the magnetometer should be 

gives a p-p reading of 2 . 6  gamma at r = 30 inches. The Be component will be .,: 'I 

< 

of the unknown dipole moment &nay be f o x 3  from- the same equation used 
in calibration (with 6 = 90' !. 

3 1Gl 
3 '  r 

Bo = 6. 1 1  x 19 

Solving for IGi , 

Be r3 
(CGS units). 3 = 

6.1L.x 10 

The value. of Be and r were found to be 

= 1.3 (gammas 
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SECTIOPU' V 

MEASUREMENT METHODS 

A. IiyT ROD UC TION 

The field of magnetic measurements can be divided into two v e e  
general classifications, high- field and low -field measurements; however, 
the line that divides them is somewhat arbitrary.  

Measurements made in ambient magnetic field intensities greater than 
one oersted can be considered high-field measurements. Such rr ,easurenents  
are u s c a l l y  made to determine the properties of ferromagnetic materiais 
used in electrical machinery, transformers, inductors, meters,  magnetic 

Several measurement techniques used in high-field work wili be discussed 
Sriei ly  at  the end of this section; however, they a r e  of limited importance 
to the purposes of this handbook. 

amplifiers, electromagnets, computer memories, and simiiar devices.  :Lr 

Until recently, the most important use of low-field magnetic measure- 
ments has been in investigations of geomagnetism o r  te r res t r ia l  magnetism. * 
Scientists have studied changes in the earth 's  magnetic field, which varies 
geographically from approximately 0.25 to 0.75 oersted (25,000 t o  73,  000 
gammas). Oil companies have found airborne magnetic anomaly detectors 
(MAD) and ground-based magnetometers quite useful in their geological 

. surveys. More recently, airborne MAD &e been used by the military as a 
valuable tool in antisubmarine warfare. 

h e  of the lesser known uses of low-field magnetic measurements is  
in archaeology. It has been found that magnetic techniques provide a rapid 

The newest area of low-field magnetics is the use of spacecraft-borne mag- 
netometers to measure planetary and interplanetary magnetic fields. One of 
the more wideiy publicized accomplishments in this area was the determination, 

i 

-9 and sensitive means of locating and dating the remains of ear l ier  civilizations, 

.. 
+si- .c by the Mariner II magnetometer, that the planet Venus has no significant . 

magnetic field. 

The search for nonmagnetic electronic components was begun by 
designers of MAD equipment in order to make their magnetometers more 
sensitive. Component development and testing will be greatly accelerated 
as an increasing number of deep-space probes car ry  requirements for non- 
magnetic components. This section of the handbook will  briefly describe 
various measurement devicea and techniques used in low-field magnetic 

- 

* .. 

* . measuremente, and their advantage8 and disadvantages for electronic 
component measurements. - .  
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- .  . .  . portional to the rate of change nf  ! : I X  L i Z K i R g  t 'ce c o i l .  T h e  a c  vo l t age  n r o -  
dliced may ei ther  b e  observed on a n  tjsciiloscope or  commutated and 
m.easured OT: a dc instrument-.  L.1 either case .  t h e  apparatus miisit be 
calibrated by observing t h e  s i g n a l  produ fed  i n  a known f i e l d .  

. The t e s t  coil is usually attached to a iong shait wh.ich in turn i s  
. driven by a synchronous m c t o r .  ?-hi. 3nait must  be long ?Rough to airoid 

e r r o r s  due to s t r ay  fields from. t h e  motor and d r i v e  mechanism. The sens i -  
tivity of this metnod is somewhat greate.r t h a n  t h a t  oi t h e  f l ip coil, s i n c e  
ti--e induced voltage increases  u; r h  r o t a t :  3 1 1  ireqi:enc)i. 
measurement  depends directiy ar. the  a ~ r u z a c ) ;  a i  ? h e  rnotsr  dri1.c p c - . v e r -  

- 
1 h e  a z c u r a c v  si ;he 

i ,. - 
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phosphor bronze, This :s show11 In ! - ' : ~ * - i : e  5 - I 

W i t h  the two magnets mounted in opposition ( F i g u r e  5 - 1 I ,  the 
4- ,I torque due to the earth's magnetic iield on t h e  upper magnet 1s exactiy 

cancelled by the  torque on the lower magnet. ?f a magnetized sample is  
placed four inches below the lower magnet, i t a  field wi l l  exert  a g rea t e r  
torque on the lower magnet than on the upper magnet. The resulting deflecfioh 
caf be measured by measuring the deflection of a light beam directed at the 
mirror, The amount of deflection depends on the magnitude of the field, the 
restorrng torque of the quartz fiber, and the degree of matchlng of the two 





9 

as a function of the field intensity. Major limitations of this method a r e  that 
it is sensitive only to large changes in magnetic field and that bismuth has 
two temperature coefficients. Not only does bismuth have the ordinary 
temperpture coefficient in the absence of a magnetic field, but also the change 
in resistance due to the presence of a magnetic field depends on the temper- 
ature. For these reasons, bismuth spirals  are very seldom used in mignetic 
testing . 

9. Hall Effect Magnetometers 

If a thin strip of metai has a current flowing in it, two points 
exist at  opposite ends of a line perpendicular to the flow of current which 
w i l l  be a t  the same electrical potential in the absence of a magnetic field. 
A difference in potential occurs between these two points if a magnetic field 
is applied at right angles to the plane of the strip. This difference in potential 
is proportional to the magnetic field intensity. This is the well-known Hall 
effect which, for  lack of a suitable material, was little more than a theoretical 
curiosity'until recent years. For greater ease of signal amplification, present 
day devices use  an alternating current through ii st r ip  of bismuth, indium 
antimonide or indium arsenide. The sensitivity of Hall effect magne tme te r s  
is a t  present limited to about 100 gammas; they a r e  therefore not sufficiently 
sensitive for electronic component measurements. . 

- IO-. . Saturable Core Magnetometer 
- ,  _ -  

. -  A saeurable core is one composed of a material  (such as mumetal . 
or permalloy) which reaches practical saturation under the influence of 4 

relatively low magnetic field intensity. A magnetometer is made by energizing 
a single core with an alternating cu r ren t  by means of a center-tapped winding 
on the core. This excitation current switches the core between positive and 
negative saturation points Gn its hysteresis Ioop. If an external magnetic 
field is present, more current wili be required to drive the c3re into positive 
saturation than into negative saturation, or vice versa. This unbalance 
appears as a second harmonic of the excitation frequency. The amplitude of 
the second harmonic signal is proportional to the magnetic field intensity of 
the ambient field, The magnetic field it9 usually determined by meseuring 
the second harmonic signal, thereby obtaining a voltage proportional to the 
externaf magnetic field, or by measuring the direct current which must be 
applied to null out the second- harmonic signal. Knowing the number of turns 

I . .  



four cores. An alternating current is applied to the bridge to swing  the cores 
into and out of saturation. T,he presence o i  an exterral  magnetic field appears 
as the second harmonic of the excitation frequency, a s  in the saturabie core 
magnetometer, Flw-gate  magnetometers yield vector field information and 
a r e  quite useful in testing of 'electronic components. 

\ 

1 2. Proton -Preces s ion Magnetome te r. 

Operation of the proton-precession magnetometer is based on the 
precessionfrequency of protons in a sample of distilled water o r  a convenient 
hydrocarbon such as kerosene. The precession frequency i s  directly propor- 
tianal to the total ambient magnetic fieid. In practice, a dc current is applied 
to the water sampie to produce a polarizing magnetic fieid of several  hundred 
oersteds. When the polarizing field is switched off, the precession frequency 
may be measured with an electronic couiter. The value of the ambient 
magnetic field is then calculated from the precession frequency. 

The sensitivity of the protonprecession magnetometer is absut 
0.1 gamma under ideal conditions. Continuous field measurements a r e  not 
possible, since the w a t e r  sample must be repolarized before each reading. 
This device is therefore not applicable to electronic component testing. 

13. Metastable Helium Magnetometer I 

As the name implies, this device U s e 8  helium atoms in their - 
mttaetabie state. The principle of operation of-'the helium magnetometer 
depends upon the ability of a 1-micron light to orient the helium atoms by 
the process of optical pumping. In a weak magnetic field, the metastable 

of r f  energy at the proper frequency produces a resonance signal observable 

- . I  

4 -  . .- . *- 

state of the helium atoms splits into three Zeeman sublevels whose energy 
separation is directly proportional to the magnetic field intensity. Application 

a s  a reduced transparency of the helium. This signal acts as an e r r o r  signal 
in a feedback loop to control the frequency of the rf oscillator. Since the 
required oscillator frequency varies w i ~ h  the ambient magnetic field intensity 

measure of field intensity. Signal processing circuitry provides an analog 
output to a s t r ip  chart recorder. 

(as opposed to a vector field magnetometer)*and is usually calibrated by 
,means of a rotating magnct'of known moment. It is n t inuo~~a reading 

-hgnetomater eapaide-af detecting changes. 7th& t 3 the order 

.'up 

(approximately 28 cps pe r  gamma), the oscillator frequency providee a direct . _  

The metastable helium magnetometer is a total field device 



14. Rubidium Vapor h4agnetometer 

The r u b F d i m  vapcr magnetometer operates on the pririciple of 
Zeeman splitting of optically pumped rubidium energy levels in the presence 
of a magnetic field. It is similar in operation to the metastable helium 
magnetometer, except that a self-oscillator is used instead of a feedback- 
controlled osciUator. It too is applicable to electronic component testing. 

C .  MEASUREMENT OF ELECTRONIC COMPONENT MAGNETISM - 
for low-field - measurements of magnetic ilw density (5) and magnetic field 
intensity (H). As noted, some of these  devices are applicable to component 
testing and some are  not. This section will discuss some of the techniques 
and considerations involved rn making these measurements. 

I 5. 

The previous section has briefly surveyed the field ai devices available 

One of the goals of the contract under which this handbook was written 
was to determine a preferred method for measuring the magnetic etfects oi 
electronic components. The prime considerations for a "preferred" method 
included accuracy, repeatability, Bimplicity, high sensitivity (in the order of 
0.1 gamma), and relatively low-cost, It was also considered highly desirable, 
although not mandatory, that the measurement system operate in a laboratory 
environment without elaborate field cancellation mechanisms, The "modified 
spinner-" method described below fulfills these requirements. 

- - I -  
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1. Modified Spinner Adetfiod 
~ . * r a w - -  

&. The apparatus required for this method is shown 'in Figure 5-2, 
This method takes advantage of the best characteristics of several of the 
devices previously described. 

The electronic component to be tested is placed in a sample 
holder and is rotated at approximatel? five revolutions per second. A 
Hewlett-Packard Model 3529A Magnetometer Probe senses the vector com- 
ponent of the sample's magnetic field which is parallel to the cylindrical axis 
of the probe. The combination of the probe and a Hewlett-Packard Model 428B 
Up-om DC Milliammeter forms-a fairly sensitive flux-gate magnetometer. - +  -- 
The 428B provides a bw-impedance 5-cps output signal proportional to the 
component magnetic field intensity. This signal is applied to  a high-impedance 
two-channel strip chart recorder through a bandpaes filter which reduces the 
effects of low-he  
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the spinner itself will  produce a 5 - q ~  magnetic field. The rotating rod and 
all supports a r e  tnereiore made of phenolic o r  wood. The rod itself must 
be at  least six feet long to avoid stray fields due to the motor and drive 
mechanism, Both pulleys a re  die-cast zinc, and the larger  pulley should 
be spoke-type rather than solid to reduce eddy current fields. The sample 
holder is a polystyrene box secured to the phenolic rod with a 6-32  aluminum 
or nylon screw. The rod is drilled and tapped for a 6 - 3 2  beryllium copper 
heli-coil insert. The component sample is held in place in the sample holder 
with a nonmagnetic ioam ruober or  plastic (such as  virgin polyurethene foam). 

The magnetometer probe is normally furnished w:th a cable ses-er, 

- 

ieet long, but longer  cables a r e  availabie. A cable 25 feet Iozg  15 ? r ~ : e r a 3 l e ,  
since this allows the  operator to make adjustments without h i s  movement$ 
affecting the field at  the probe. Since the 3529A probe is a vector field seiisc3r. 

the effect oi the georriagnetic ireid (approximately 50, 000 gammas in the 
United States) may be reduced by orienting the probe orthogonaily to the 
geomagnetic field. The p;c;be t ip  is placed a standard distance i rom the 
center of the sample holder; if  the probe-to-sample distance is a t  least  

, .. . 
,-> i .... . 

i 

three times the largest dimension of the sample, the inverse cube relation- 
ship (see Section I, Origin of Magnetic Effects, page 1-16) will hold and the 
equivalent field may be computed at any distance. A probe-to-sample 
separation of 12 inches shodd  be adequate for most measurements. 

reading f rom 428B in milliamperes which is directly equal to the measured 
. field strength in milligauss. Full-scale deflection on the 1-milliampere . * 

scale therefore corresponds to 100 gammas. The sensitivity of the flux-gate 
is limited to 1 gamma by the meter scale of the 428B, but this may be 

- The conversion factor of the 3529A probe is i : l ,  producing a 

appreciably improved by applying the magnetometer output to a high-sensitivity 
recorder  such as the Sanborn Model 150 with Stabilized DC Preamplifier 
Model 150-1800. Sensitivity in excess of ‘0 .  I gamma has been achieved by 
this method. 9 . 

A compensating magnet is used to produce a static magnetic 
field sufficient to  allow the 428B to operate on its most sensitive scale. 



Although only one device has been described here, this method 
can be used with other flux-gate and saturable core systems, the metastable 
helium magnetometer, or the rubidium vapor magnetometer. 

\ . . -  
2, Testing in a Coil System 

In most component test methods, it is necessary to perform the 
actual testing in a region of zero'magnetic field. One method by which a 
zero field may be achieved is with a suitable coil system aligned with the 
e-arth's magnetic field s o  that the field at the center of the coil system is 
equal in magnitude and opposite in direction to the geomagnetic field. A 
Helmholtz coil pair (see Section IV, formula E-2-1) may be used if a 
relatively small homogeneous volume is required. Lf a iarger and more 
uniform homogeneous volume is required for a given coil diameter, a 
Fanjehu  coil system should be used (see Section IV, formulas E-3-1 and 
E- 3-2) .  

A turntable is usually placed at the center of the coil system. 
In some cases, the turntable may rotate in zenith as well a s  in azimuth.. 
Usually, however, the Component position is changed to obtain complete 
vector information. In-both methods, the turntable and component a re  slowly 
rotated through 360 degrees and the magnetic field measured with some form 

metaslaIda helium, rubidium vapor, saturable core, and flux-gate magnetom- 
eters &y be wed with this method, If a saturable core or flux-gate sy8 
is used, the field measured is the vector component of the sample's field 
projected hi;= the sensitive axis of the magnetometer sensor. If ametast 

in total  field produced by the field of the rotating sample. Readout i s  normally 
made on a strip-chart recorder or an X-Y plotter. 

~ I_ e > *  of a magnetometer sensor placed a.fixed distance from the component. The -~ -. -.-....ro 
_ -  ' 
I 

helium or.rubidium vapor device is  used, the field measured is the change - -+ 

i -. - .  
As with the previous method, care must be taken to make the 

turntable and drive mechanism nonmagnetic and to avoid extraneous field 
disturbances. Since the coil syetem is driven with direct current, a change 
in the ambient field (such as the field of a nearby power cable) without a 
Compensating change in coil current will affect the zero field condition at 
the center of the coil system: 

.I . --- . .  _ . .  

3. Testing in a Shielded Enclosure 

The other method by whiJl-the . - 

a Sbi;f&& e a C l 0 d ; r a  ( s Q & a  &tub 



Testing is performed by placing a magnetometer sensor at the 
bottom of'the shielded enclosure and either manually or mechanically 
rotating the electronic component a known distance from the sensor. The 
vector.component of the sample's magnetic iield (for a saturable core or 
flux-gate system) o r  the change in total fielci (for a metastable heliun o r  
rubidium magnetometer) is read out on a strip-chart recorder. As in the 
previous methods, care must be taken t o  eliminate moving magnetic objects 
(wristwatches, rings, etc. ) in the vicinity of the magnetometer sensor. 

' 

I ,  
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D. INDIRECT MEASUREMENTS 

The low-field measurements described in the previous section a re  
direct measurements of the magnetic iieid intensity oi a sample. As such, 
they a re  the most meaningful measurements in the area of electronic 
component tee tin g. 

- _  ..: 
c 

, . .  .. . 
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- In testing materials for electronic componezts, it is sometimes 
impractical to  make direct field intensity measurements. It then becomes 
necessary to make indirect measurements of the magnetic properties of these 

magnetic (p less than 4) materials and ferromagnetic materials and the 
susceptibility of paramagnetic and diamagnetic materials. .Since there is 

. 
. 3 ;> :%a* materials. These include determination of the permeability of strong'para: 

~ - a  -*. \ 

Direct current testing is normally performed on ferromagnetic 
materials to determine the hysteresis loops and magnetization curves of the 
materials. The desired permeability (see Section 11, Glossary) is' then corn- * 
puted from the test data. The requrred data may be taken either by using 
suitably shaped samples of the material (such as rings o r  straight b a r s )  
which make up the entire metallic part of the magnetic circuit or by usin 

- 

a part o€ the circuit. 



b. Straight Bar and.Solenoid . 
Flux density m a y  also be determined by ballistic methods 

for a solenoid wound around a straight bar  of the sample material. In this 
case, however, it is much more difficult to determine the magnetic field 
intensity because the magnetic circuit includes the air space in which the 
flux lines extend from one end of the bar to the other as well as the bar its 
A demagnetizing factor is employed to account for this effect. This method 
not applicable to high-accuracy measurements due to the difficulty of accurate 

. * -  determining the demagnetizing factor. 

C .  Eurrows Permeameter 
. + -  

This permeamezer requires  two samples with approximately 
the same dimensions and magnetic character stics. The magnetomotive force 
is so distributed that there is negligible leakage from the sample under test. 
This method is quite sensitive to nonuniformity in the magnetic properties 
along the length of the test sample. The Burrows permeameter is applicable 
to -magnetic testing with field intensities in the range of .O. 1 to 300 oersteds. 

d. MH Permeameter 

The MH (or medium €3, where H is the magnetic field 
intensity) permeameter overcomes many of the disadvantages -of the Burro 

. permeameter. It requires only a single sample, is simile and rapid to A 

operate, and much l ess  sensitive to  nbnuniformities in the magnetic prop 
of the sample. Xt is accurite to 0 .5  percent or 0 .05  oersted (whichever'i 
larger) over the range of field intensities from 0. I t o  300 oerateds. ' 

e. High-H Permeameter 

The high-H permeameter is used for testing high-coercivi 
materials over the field intensity range .of 100 to 5000 oersteds and is a 
to about one percent over this range. It avoids appreciable heating of the 
sample by using a very s h o r t  sam.ple fength. 

, I  -7 . .  , f. . Fahy-Simplex P e r m e m e t e r  

The Fahy-Simplex permeameter i s  widely used in high-field 
testing because zf ita ease of operation and simplicity of construction. It uses 
a bar-shaped sample clamped to a yoke about which the magnetizing utindirr 
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g. F a h y  Low-Mu Permeametzr 

This dew ce is used in testing materials wi th  permeabilities 
less than 4. It consists of a coil into which the sample is inserted and a 
sIightly larger Coil which acts a6 z compensating winding. When a sample 
is inside the test coil and the magnetizing current is reversed, the deflection 
of a ballistic galvanometer in the circuit is prowrtional to the magnetic f l u x  
density. The Fahy Low-Mu permeameter operates over a range of 
0.1 to 300 oersteds. 

* 

2. Susceptibility Measurements 

The measurement of magnetic susceptibiiitv tequlres much m o r z  
sensitive apparatus than AS needed i o r  permeasility measurements. A s  a 
result, the sample size is usually quite small. Magnetic susceptibility may 
be determined by induction methods but, for accuracy, is usually determlned 
by measuring the mechanical forces experienced by a sample placed in a 
nonuniform magnetic field. 

a. Gouy Method 

In this method, the material to be tested must be in the 
form of a rod of uniform cross section or as a solution of finely ground 
powder which can be placed in a glws tube of undotm cross section, The 

~ -.--_-_ 

- sample is saspended with its axis verticaL from one arm of a sensitive 
&1*ce:so fbt''ittd 1Uwe ndis near the midpoint of the magnetic field . 

b e b e e n  two flat pole pi s of an electromagnet while its upper end is in a 
region weltoutside the gkp. The sample ieweighed ftrst with the electro- 
magnet turned off and then with the magnet energized, The susceptibility i s  
calculated from the force of the field on the sample, the flux density, and 
the croe~-eectional area of the sample. Relative calibration 1s obtained by 
comparison against a known paramagnetic substance such as Mohr's salt. 

- 

- 

b. Faraday Method *f. 

This method is useful for meascrement of the susceptibility - 

of samples toe small-fox the Gouy method. It is based on the principle that 
amall sample of magneticall? isotropic material-experiences no rnechanica 
force when placed in a uniform magnetic field but .does experience a force 
the; presence af a field gradient, This apparatus requires carefully shaped. 



turned on. The susceptibility is calculated from the spring constant, the &ass 
of the sample, the maximum f l u x  density between the,pole piecee, and the 

the accuracy of thir method b about 2 percent. 

area under the curve of sample displacement versus distance of the sample 
from the magnet. This method is applicable to  milligram and78ubmillig 
samples of diamagnetic and paramagnetic materials. Operating in a vac 

. -  
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